


ACTA FORESTALIA FENNICA

Acta Forestalia Fennica was established in 1913 by the Society of Forestry in Finland. It
was published by the Society alone until 1989, when it was merged with Communica-
tiones Instituti Forestalis Fenniae, started in 1917 by the Finnish Forest Research
Institute. In the merger, the Society and Forest Research Institute became co-publishers

of Acta Forestalia Fennica.

Prior of the merger, 204 volumes had appeared in Acta Forestalia Fennica, and 145

volumes in Communicationes.

EDITORS - TOIMITUS

Editors-in-chief
Vastaavat toimittajat

Editors — Toimittajat

Eeva Korpilahti, the Society of Forestry in Finland
Erkki Annila, the Finnish Forest Research Institute

Seppo Oja, Tommi Salonen

EDITORIAL BOARD - TOIMITUSKUNTA

The Society of Forestry in Finland

Matti Keltikangas, Erkki Annila, Seppo
Kelloméki, Antti Korpilahti, and Liisa
Saarenmaa.

The Finnish Forest Research Institute
Erkki Annila, Pentti Hakkila, Seppo Kau-
nisto, Jari Kuuluvainen, Juha Lappi, and
Eino Milkonen.

PUBLISHERS - JULKAISIJAT

The Society of Forestry in Finland
Suomen Metsiitieteellinen Seura r.y.
Unioninkatu 40 B, 00170 Helsinki

Tel. +358-0-658 707 Fax:+358-0-1917 619
Telex: 125181 hyfor sf

The Finnish Forest Research Institute
Metsdntutkimuslaitos

Unioninkatu 40 A, 00170 Helsinki

Tel. +358-0-857 051 Fax: +358-0-625 308
Telex: 121286 metla sf

AIM AND SCOPE - TAVOITTEET JA TARKOITUS

Acta Forestalia Fennica publishes disser-
tations and other monographs. The series
accepts papers with a theoretical approach
and/or of international interest. The series
covers all fields of forest research.

Acta Forestalia Fennicassa julkaistaan vii-
toskirjojajamuita monografiatyyppisidkir-
joituksia. Kirjoitusten tulee olla luonteel-
taan teoreettisia ja/tai kansainvilisesti mer-
kittavid. Sarja kattaa metsantutkimuksen
kaikki osa-alueet.

SUBSCRIPTIONS AND EXCHANGE - TILAUKSET

Subscriptions and orders for back issues
should be addressed to Academic Book-
store, P.O.Box 128, SF-00101 Helsinki,
Finland. Subscription price is FIM 70 per
issue. Exchange inquiries should be addres-
sed to the Society of Forestry in Finland.

Tilaukset ja tiedustelut pyydetdan osoitta-
maan Suomen Metsitieteelliselle Seuralle.
Tilaushinta Suomeen on 50 mk/numero.
Seuran jdsenille sarja ldhetetddn jasen-
maksua vastaan.

———

ACTA FORESTALIA FENNICA 222

SPECTRAL INTERPRETATION OF CHANGES
IN FOREST USING SATELLITE
SCANNER IMAGES

Metsdn muutosten spektrinen tulkinta
satelliittikeilainkuvien avulla

Tuomas Hiame

To be presented, with the permission of the Faculty of Agriculture and Forestry of the University of Helsinki,
Jfor public criticism in Auditorium XII of the University Main Building, Fabianinkatu 33,
on 27 March 1992, at 12 o’clock noon.

The Society of Forestry in Finland — The Finnish Forest Research Institute
Helsinki 1991



Hame, T. 1991. Spectral interpretation of changes in forest using satellite scanner images. Seloste: Metsin
muutosten spektrinen tulkinta satelliittikeilainkuvien avulla. Acta Forestalia Fennica 222.111 p.

Spectral characteristics of rapid changes in forest and
the spectral separability of change categories were
studied through the analysis of satellite scanner images.
A computational model of the spectral reflectance of a
pine stand as a function of time was constructed and
compared with empirical data. The study area, centered
at 61°51° N, 24°22’ E, was located in boreal forest in
Southern Finland. Ground truth data consisted of
forest stands and sample plots. Spectral data comprised
multitemporal Landsat Thematic Mapper and Spot
images as well as spectroradiometer measurements. The
separability of the changes was tested with statistical
tests and classifications. The separability varied accor-
ding to the change category. A scheme for fully
automated change monitoring system was presented.
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Age

Basal area
Density
Diameter

Height
HO:

MIR
NFI
NIR
Red
SSI87
SS1
SS2
SS3

SWIg7
SW1—SW3

TMIB4
TMI8S

TMI86
™I

™2
™3
T™4
™S
TM6
™7

TERMS

Bitemporal
Changed

Image

Imagery

Symbols and abbreviations

Mean age of the trees (years) using basal area as the weighing factor.

Basal area of the stems (m“/ha). Measured from the height of 1.3 m.
Number of trees higher than 1.3 m/hectare.

Mean diameter (cm) at the height of 1.3 m using basal area as the weighing
factor.

Mean height of the trees (m) using basal area as the weighing factor.
Null-hypothesis. Context tells which of the following hypotheses has been
applied:

HO: r =0, HI: r # 0, where r is the correlation coefficient

HO:a =0, HI: a # 0, where a is the parameter

Middle infrared radiation

National Forest Inventory

Near infrared radiation

Red light

Spot HRV1 three channel image. Date of acquisition July 20, 1987.
Channel 1 of the multichannel Spot summer (SSI87) image. Spectral range
0.50—0.59 pm.

Channel 2 of the multichannel Spot summer (SSI87) image. Spectral range
0.61—0.68 um.

Channel 3 of the multichannel Spot summer (SSI87) image. Spectral range
0.79—0.89 um.

Spot HRVI three channel image. Date of acquisition March 11, 1987.

Like SSI—SS3 but from the Spot winter image.

Landsat Thematic Mapper

Landsat Thematic Mapper image. Date of acquisition September 15, 1984.
Landsat Thematic Mapper image. Date of acquisition June 21, 1985.
Landsat Thematic Mapper image. Date of acquisition June 17, 1986.
Channel 1 of the Thematic Mapper of the Landsat satellite. Spectral range
0.45—0.52 um, blue-green light. The two optional numbers after the
channel number refer to the special image — e.g. TM184 means channel 1
of the TMI84 image.

Channel 2 of the Thematic Mapper of the Landsat satellite. Spectral range
0.52—0.60 um, green light.

Channel 3 of the Thematic Mapper of the Landsat satellite. Spectral range
0.63—0.69 um, red light.

Channel 4 of the Thematic Mapper of the Landsat satellite. Spectral range
0.76—0.90 um, near infrared radiation.

Channel 5 of the Thematic Mapper of the Landsat satellite. Spectral range
1.55—1.75 pm, middle infrared radiation.

Channel 6 of the Thematic Mapper of the Landsat satellite. Spectral range
10.4—12.5 um, thermal radiation.

Channel 7 of the Thematic Mapper of the Landsat satellite. Spectral range
2.08—2.35 um, middle infrared radiation.

The HO is rejected with the significance level of 5.0 percent.

The HO is rejected with the significance level of 1.0 percent.

The HO is rejected with the significance level of 0.1 percent.

Data or information from two dates.

Change that is not “normal”, i.e. growth or seasonal variations, has
occurred in the forest. Possible other meanings should become clear from
the context.

Single or multichannel numerical image. Also, analogous image from
numerical data.

Multichannel image. Used only if context requires emphasizing that image
has several channels.

Intensity, Intensity value

The numerical value of a pixel in one wavelength channel.

Irradiance (E) (Spectral irradiance)

Monotemporal
Multitemporal
Overall performance
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E, (W/m?) Radiant flux incident upon a surface per unit area of that
surface. Subscript A indicates that the irradiance depends on the
wavelength.

Data or information from a single date.

Data or information from more than a single date.

Proportion of observations (e.g. test stands or plots) which are placed in
image classification to their true class, from the total number of tested
observations in percent.



Pixel

Picture element, smallest unit of a digital image.

Radiance (L) (Spectral radiance)

L, (W/sr/mz) Radiant intensity per unit of projected source area in a
specified direction. Subscript A indicates that the irradiance depends on
the wavelength.

Reflectance (R) (Reflectance factor)

Satellite image
Stand

Tritemporal
Unchanged

Undergrowth
Visible light

Ly Radiance
=.100=7 =1
E, Irradiance

The word reflectance is used to mean the reflectance when measured in
nadir or close to nadir (reflectance factor) and not the hemispherical
reflectance where the reflected radiation is registered from hemisphere.
Subscript A indicates that the irradiance and radiance depend on the
wavelength.

Satellite image acquired using a scanner-type instrument.

Smallest area unit in forest management. Relatively homogeneous in
respect to the main stand variables.

Data or information from three dates.

Seasonal changes and growth. Other meaning should become clear from
the context.

Field layer (dwarf shrubs — Vaccinium spp., Calluna spp., Empetrum spp.
— and herbaceous plants) plus Bottom layer (mosses, lichens, debris, soil)
Electromagnetic radiation, wavelength 0.4 — 0.7 um

Ri=
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Preface

This study began as a subproject of “’Stand
Based Forest Inventory Using Satellite Ima-
ges”, a project carried out by the Technical
Research Centre of Finland (VTT) in 1984 —
1988. It was later continued as part time and
spare time work at VIT and at the Com-
puter Graphics Center of North Carolina
State University.

Professor Simo Poso and Assoc. Prof.
Risto Pidivinen carefully read several versions
of the manuscript, giving constructive criti-
cism, and so did Dr. Erkki Tomppo who
also helped in processing the National Forest
Inventory (NFI) data.

Professor Kullervo Kuusela and M. Sc.
(For.) Antti Thalainen from the Finnish
Forest Research Institute (FFRI) organized
the remeasurement of the NFI sample plots.
The staff at the Korkeakoski district of the
National Board of Forestry provided the
stand material for the study. M. Sc. (For.)
Pekka Alajiarvi measured the field plots for
the damage study and also prepared the
measurement data for analysis. Professor
Timo Kurkela and his staff at FFRI provided
seedling material for the spectroradiometer
measurements.

My dear colleagues at VTT helped in very
many ways: Mrs. Brita Veikkanen performed
a major part of the computer operation, Dr.
Arto Salli and Lic.Tech. Kai Mikisara
advised in statistical analysis, M. Sc. (Tech.)
Eija Parmes in image segmentation and
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clustering, Mr. Markku Rantasuo helped in
spectroradiometer measurements, and Lic.
Tech. Yrj6 Rauste, Mrs. Elma Paulakannas,
and Mrs. Hillevi Nikka gave miscellaneous
help. During 1989, I enjoyed the company of
Prof. Siamak Khorram and his staff in North
Carolina. The following individuals also
adviced me in my work: Assoc. Prof.
Thomas Burk, Prof. Pertti Hari, Dr. Antti
Uotila, B. Sc. Floyd Whitley, and Lic. Phil.
Hannu Rita. Mrs. Aila Bolton patiently and
carefully proofread the English.

During this study I have obtained funding
from many sources: Ministry of Agriculture
and Forestry, Foundation for Research of
Natural Resources in Finland, National
Board of Forestry, Central Union of Agri-
cultural Producers and Forest Owners,
Forestry Center Tapio, Central Association
of Finnish Forest Industries, The Academy
of Finland, and VTT; Niemi Foundation and
Finnish Culture Foundation have given
personal stipends for the study.

I want to give my warmest thanks to all
the people and organizations, mentioned
above or not, who have advanced this study.

I dedicate this book to Riitta, Yrjo, Lauri,
and Juho who all had an influence — the
type varying according to their age — on this
work having finally been completed.

Helsinki, December 1991
Tuomas Hime



1. Introduction

1.1 The need to detect changes and the use of
satellite images

Vegetative succession is the basic natural
phenomenon that changes biomass and plant
species proportions. Growth bed and climate
create the circumstances for the succession,
defining which plant species can survive and
the potential productivity of the ecosystem.
Basic growth factors usually change very
slowly (cf. Siren 1955). Biomass growth
through succession is a more rapid change.
Manmade and natural disasters affect succes-
sion, causing rapid changes or disturbances.
The most rapid and dramatic change caused
by man is clear cutting which initiates
succession. In unmanaged forests, fire, storm,
animals, and fungi cause changes analogous
to those manmade. These natural disturban-
ces exist in managed forests as well, but some
natural disturbances, such as fire, are less
significant than in natural forests.

Not all forestry related changes occur
within forests. A portion of forest is used for
other purposes, e. g. building, road construc-
tion, gravel pits, and water reservoirs. In
many areas of the world, forest is being
converted to agricultural land. In Finland,
however, some agricultural land is reverting
to forest.

Forestry needs information about general
growing conditions, forest resources and
their changes. Information on the changes is
needed to keep the resource data updated
and to understand the dynamics of the forest
ecosystem. Change information is needed
about all characteristics included in a basic
inventory. As stated above, the time span of
the changes varies. Some changes are
predictable. For example, forest growth can
be estimated computationally. But to take
into consideration rapid, disturbance-type
changes, new information is needed to
update the forest management system.

Forestry planning requirements can be rough-
ly divided into two categories: strategic
planning and operational planning. A typical
inventory for strategic planning is a national
forest inventory. A typical inventory for
operational planning is a stand based
inventory for a specific forest management
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plan. Primarily, strategic planning needs
reliable statistics on forest resources, their
development, and condition of the forest.
For operational planning, statistics are not
enough. A stand map is needed and stand
characteristic values must be reliable enough
for each individual stand to make a correct
treatment decision possible. The two plann-
ing categories set different requirements for
the inventory design, including the inventory
of change.

In national forest inventories, change has
been seen indirectly by comparing results of
successive inventories. Making a map of the
change and traditional forest variable values
may not be only for operational planning,
however. Map type information about da-
mage and natural changes, for example, may
help to know the whole forest ecosystem
better. This is becoming more important
because of increasing concern about pollution
and possible global climate change.

During past decades, changes in forest
stands were found by using successive
inventories, even in operational planning.
Between two inventories, some notes about
the changes may have been available. Since
the 1980’s, digital map systems and digital
databases have become more commonplace.
Total inventory can be taken less often than
before due to the updating capabilities of
digital map systems. In the new systems,
stand files should be updated through field
crew reporting. The risk in this procedure is
that the reporting may not be reliable.
Therefore, a control system may be needed
to check the accuracy of the field crew’s
procedures. Furthermore, reliable mapping
of changes due to damage may be very
difficult using the field crew reporting
system.

Satellite scanner images are a possible
source of change detection data, since their
intensities and forest characteristic values are
related (e.g. Kuusela and Poso 1970, Sauk-
kola and Jaakkola 1983, Hime 1984a, Poso
et al. 1984 and 1987, Peng 1987, Tomppo
1988). It has been possible to detect some
changes in forest by using satellite data
(Wastenson et al. 1981, Saukkola 1982).

Satellite images with reasonable spatial
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resolution (80 m by 80 m pixel size, in respect
to the normal stand size) have been available
since 1972 when Landsat 1 was launched.
The special benefits of images from natural
resources satellites are that they regularly
contain full coverage data from a wide area,
they include information invisible to the
human eye, they are in digital format, and
their price per unit area is low.

There are drawbacks to using these
images. The natural resource must be
monitored indirectly through interpretation
of the reflected or emitted electromagnetic
radiation from the target, and the radiation
is affected by the atmosphere between the
target and the instrument. Another drawback
is the moderate spatial resolution, a 10 meter
pixel size at best. Interpretation methods for
numerical images have been, thus far, so
poorly developed that, in reality, the spatial
resolution has not been a restrictive factor.
The 30 m by 30 m pixel size of Landsat
Thematic Mapper (TM) images and the 20 m
by 20 m pixel size of multichannel Spot
images have been adequate. A very high
spatial resolution requires advanced contextu-
al interpretation. New factors, for example
the wind, must be taken into account in
change interpretation if the resolution unit is
very small.

The decrease in the pixel size and the
increase in spectral resolution from Landsat
multispectral scanner (MSS) images to Land-
sat TM images has increased the correlation
between images and forest characteristics
(Poso et al. 1987).

The Landsat Thematic Mapper instrument
also has better radiometric resolution than
the Landsat MSS instrument, i.e. its sensitivi-
ty is higher (Dottavio and Dottavio 1984).
But it is unclear, how much the radiometric
resolution has really increased, especially in
northern latitudes where the incident radiati-
on is weak.

1.2 Aim and definitions

The basic aim of the study is to discover the
spectral characteristics of the most interesting
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and common short time period or rapid
changes in forest and the separability of
change categories through the numerical
analysis of satellite scanner images. Six
change types occurring in Finnish boreal
forest will be studied. Four of them represent
manmade treatments, or “controlled” chang-
es: 1) clear cuttings; 2) selective thinning
cuttings; 3) soil preparation for regeneration
on clear cut areas; and 4) deciduous shrub
removals and/or conifer seedling thinnings
on regeneration areas. Changes occurring
without manmade treatments, or *’uncontroll-
ed” changes, are: 5) pine damage caused by
the Gremmeniella abietina (Lagerb.) fungus;
and 6) deciduous shrub growth on regenera-
tion areas.

The changes to be studied occur in all
phases of the rotation period of a stand. New
information about the spectral properties of
changes will also provide new information
about the spectral properties of boreal forest
stands in general. These properties have not
been discussed extensively in previous stu-
dies.

Spectroradiometer measurements of need-
les will be used to support the satellite image
investigation. Needles are an essential source
of radiance from coniferous forests.

The focus of the study is on the infor-
mational needs of forestry; spectral variation
caused by seasonal changes is not of
particular interest. Special attention is given
to changes where spectral effects are most
likely to be minor. Of the six change types
listed, all except clear cuttings are such
changes. In addition to spectral data,
topographical variables will be tested to
determine if they could be used as supporting
data in damage estimation.

Because the study concentrates on inves-
tigating the spectral properties of changes, a
cost-benefit analysis of the satellite image
oriented method is excluded. How well the
form of the changed areas can be interpreted
will not be addressed, either.

Part I of the study is directed to achieve
the fundamental goal. Part II is a brief
discussion about how a satellite image based
change monitoring system should be con-
structed.

Hame T.

PART I

2. Theoretical background of spectral change detection

2.1 General prerequisites to detect
and measure changes

Forest canopies are under a constant state of
change. Long-term change is growth. Short-
term change is seasonal. Typically, in
forestry, one is interested in measuring and
estimating growth of the stem volume and in
detecting and measuring rapid “exceptional”
changes, i.e. non seasonal changes.

Detection and measurement of growth
requires very precise measurements if the
time span is short. Conversely, growth can be
coarsely estimated visually if the time span is
several decades.

Opportunities to detect rapid changes are
largely opposite to the detection of growth.
Successive observations with short time
spans increase the possibility to detect a
rapid change.

Clear cutting decreases the biomass of
living trees greatly, possibly to 0 m3/ha. The
change in the biomass is most dramatic be-
cause stands with the highest biomass stands
are cut. In thinning cutting, the drain in wood
is less than in clear cutting. The trees are in a
faster growing phase than the mature trees of
a clear cut stand, and the trees from the
lower crown layer, in particular, are removed.
Trees that are left fill the empty space
rapidly, and the growth in stem volume after
the thinning may exceed the growth before it.
In the growth conditions of Central Europe,
stands have reached within 3 to 5 years the
level of stem volume that existed before the
thinning, if the thinning was light (Assman
1970).

For instance, the drain in a thinning
cutting may be 40 m3/ha, and the growth of
the stand may be 40 m3/ha in a three year
period from the cutting. To detect the
cutting, the stand’s stem volumes from the
two dates can be compared to stem volumes
of other stands.

Cutting detection and drain estimation can
be used to update forest inventory data and
to determine whether the treatments have
been made as planned.

Soil preparation on regeneration areas
(plowing or harrowing) barely changes the
tree biomass, but destroys temporarily other

Acta Forestalia Fennica 222

living vegetation. Also, light colored mineral
soil is found under the humus layer. The
color changes and decrease in undergrowth
are short term changes, the duration depen-
ding on the extent of the soil preparation,
site type, and the latitude. The changes in
local topography last longer.

Deciduous shrub removals on regene-
ration areas and/or conifer seedling thin-
nings are comparable to the thinning cutt-
ings. If the deciduous shrub canopy is
abundant, changes in tree species proportions
may be more radical than in thinning
cuttings. The detection of soil preparation
and shrub removal serve to control whether
the treatments have been successful.

The Gremmeniella abietina (Lagerb.) fun-
gus, also known as Scleroderris canker,
Scleroderris lagerbergii (Gremmen) and Asco-
calyx abietina (Lagerb.), may be the most
serious conifer disease in the boreal and
temperate forests (Sterner 1984, O’Brien
1984, Gibbs 1984, Yokota 1984, and Kurkela
1984a). Most northern Pinus species, and also
some Picea species, are susceptible to the
disease which is also capable of infecting
species of Abies, Larix, Tsuga and Pseudo-
tsuga (Gibbs 1984). The fungus kills young
shoots with the most actively assimilating
needles, and also blocks the xylem and
phloem through canker formation (Kurkela
1984a).

Kurkela (1984b) has noticed that the poten-
tial susceptibility of the host to an attack of
Gremmeniella is a primary requirement for
the development of serious epidemics. The
climatic conditions in the topographic depres-
sions are the most favorable for Gremmeniel-
la; consequently they suffer the worst
damage. Pine stands on sites with unbalanc-
ed mineral nutrition and fine-textured soils
have also been especially susceptible. Tests
have been done to determine whether acid
rain increases susceptibility to the disease,
but the results have not confirmed any clear
relationship (Bragg and Manion 1984, Bark-
lund et al. 1984).

The most striking symptom of Gremmeniel-
la damage is the browning of affected needles
in the beginning of the growing season in
June. The color often turns to grayish-brown,
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Fig. 1. Typical Gremmeniella damage in a Pinus sylves-
tris L. stand.

and in July the dead needles begin to fall. In
the next growing season, only a few of the
dead needles are left. The needle-free dead
branches often get a thick cover of lichens,
especially Hypogymnia physodes (L.) W.
Wats. The damaged trees may look quite
light in color when viewed from above, e.g.
from an aircraft, because of the lichen. The
damage starts usually from the lower parts of
the crown, and in severe cases, spreads up to
the whole tree and kills it (Fig. 1).

Both climatic conditions unfavorable to
conifers and the presence of a lot of sexual
spores are prerequisites for an extensive
epidemic. In 1982, 1985, and 1988 epidemics
occurred in Finland. The 1982 epidemic was
the worst of the three, and the 1988 epidemic
was the lightest (Uotila 1988). All these
epidemics were in Scots pine (Pinus sylvestris
L.) forests. The spruce trees have been
damaged only occasionally.

The damage is easiest to detect and
identify during an epidemic because of color
change in the needles. At that time, one
observation date is adequate to delineate the
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damaged areas of a particular epidemic in
the field. Two observations on separate dates
are needed if it is not possible to make an
inventory during the epidemic. If a single
observation is made two to three years after
the last epidemic, it is hard to tell which part
of the damage has occurred within a certain
period of time.

Trees recover from the damage depending,
among other things, on the extent of the
damage. The larger trees may be noticeably
brown due to the Gremmeniella damage in
June, but recover very well. Obvious signs of
a light damage may disappear within a
couple of years. A very heavy damage could
be noticed for several decades after the trees
have died. Often, however, man interferes
with the evolution of the damaged areas. The
lighter the damage in which one is interested,
the shorter the time span that should be
used. The damage can be detected best if
needle mass estimates from a greater number
of field plots, stands, or larger areas are
compared. The data set should include both
obviously damaged and undamaged forest.

Detection of damage is important to treat-
ment plans and correct growth estimates. It
has more general ecological interest, too.

Deciduous shrub growth is a special case
of general forest growth. Both the relative
increase in biomass and the growth in height
may be very fast after a clear cutting.
Information about the growth rate shows
which areas and soils are likely to get
extensive shrub canopies, and helps to focus
silvicultural treatments optimally. Growth
rate of shrubs is difficult to estimate using a
single observation. The growth in height is
easy to estimate using successional measure-
ments, but estimating the growth in biomass
is difficult. Deciduous shrubs have normally
been estimated visually. The optimal time
span to detect deciduous shrub growth is
somewhat longer, 5 to 10 years, than the time
span for the other changes studied.

In this study, plots, stands, and areas with
seasonal changes and growth only are called
“unchanged”. The areas with rapid change
and deciduous shrub growth are -called
”changed”.

2.2 Sources of intensity change

The intensity of a pixel of a satellite image
can be expressed as:
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Fig. 2. Possible sources of intensity changes in multitemporal satellite data.

Intensity = f(RcA, TM, Ac)\’ Areac)‘, Massn\, Ov

eA’

Ohc,\v Sun,\, ViewA, Ath, SensorA, Proc) (1)
where
R, is reflectance or emittance of element e
of the canopy
T, transmittance of element e of the canopy
oA absorptance of element e of the canopy
Area, area of the reflecting element within a
pixel
Mass mass of the element
Ov,, vertical orientation of the element
Oh,, horizontal orientation of the element
Sun, sun position (elevation and azimuth)
View, viewing angle
Atm, atmospheric impact
Sensor, sensor characteristics
Proc data processing

indicates that the significance of the
factor is dependent on the wavelength

The sources for an intensity change in a pixel
can be grouped into four categories (Fig. 2):

1) Relationship between the reflecting and emitting
elements of plant canopy

2) Angles between illumination source, canopy and
sensor

3) Atmosphere

4) Signal registration and processing

In vegetation studies, only the first category
is of interest; the other categories are
disruptive.

2.2.1 Relationship between the reflecting and
emitting elements

Even each 10 m by 10 m pixel of a
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panchromatic Spot satellite image contains
several tree crowns in a normal boreal forest.
If the forest canopy is not closed, the
intensity of a pixel is a function of the
radiance from the undergrowth, possibly
bare soil, rock and cutting debris, tree stems
and branches, and the leaves.

Vegetated surfaces have typically a low
visible light reflectance and high near
infrared reflectance. The reflectances of blue-
green light and red light are lower than the
reflectance of green light, due to absorption
by chlorophylls and other plant pigments
(Gates 1970). The reflectance of red light
decreases and the reflectance of the near
infrared radiation usually increases with
increasing biomass (Tucker et al. 1975,
Tucker 1979). Conifers, however, have diffe-
rent spectral properties. Growth in the
conifer forest must decrease the reflectance in
all wavelengths, including the near infrared
range, since the correlation between tree stem
volume and near infrared is negative (Colwell
1974; Saukkola 1977; Poso et al. 1988).

The reflectance of non-vegetated surfaces
and the non-green parts of vegetation
typically increases monotonically when the
wavelength changes from the green light to
the near infrared. The increase was linear
from 540 nm up to 1000 nm in a study by
Ritari and Saukkola (1985). In the same
investigation, the red light reflectance of the
A horizon of the podsolized soil in normal
moisture was approximately 2.5 times the
reflectance of the undergrowth of medium
rich site type. The near infrared reflectance
of the soil was approximately 0.75 times the
reflectance of the undergrowth.
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2.2.2 Angles between irradiance, target
and sensor

Shadows

The existence of shadows, i.e. parts of the
image that have received diffuse radiation
only, indicates that some object has blocked
the radiation. The object has either reflected
or absorbed the radiation. There has been no
transmittance or it has been very limited.

Proportion of the shaded area in an image
is the function of the solar elevation, solar
azimuth angle, viewing angle, vertical size
and vertical distribution of the geometrical
objects, spatial distribution of the objects,
and the spectral transmittance of the objects.
A decrease in the solar elevation angle, which
also means an increase in the angle between
the sensor and the sun, increases the
proportion of the shaded area in the image,
when the observations are made from nadir.
Increase in the topographic variation, which
can be caused by either the ground topo-
graphy, manmade objects, or plants, increa-
ses the proportion of the shaded area in the
image.

Stands with an uneven tree crown surface
have more shaded area than stands with an
even tree crown surface. Norway spruce
(Picea abies (L.) Karst.) is an example of a
tree species that forms a relatively uneven
crown surface layer in an evenly aged stand
as well. Many deciduous trees form an even
upper surface in the stand. A change in the
canopy that increases the roughness of the
surface increases the amount of shadows and
decreases the reflectance. Such a change can
be a thinning cutting or a storm damage.

Changes that increase the roughness of the
canopy surface usually also decrease needle
or leaf mass. Decrease in the assimilating
biomass tends to increase the visible light
reflectance. The effect is opposite to that of
the roughness. In the near infrared range,
decrease in the leaf mass should decrease the
reflectance (Gates 1970). The leaf mass
change should reinforce the roughness effect.

Shadows have less meaning in the visible
light range than in the near infrared range,
due to greater scattering of the shorter
wavelengths. However, the partial transmit-
tance of tree crowns decreases the impact of
shadows in the near infrared range (Colwell
1974).

To conclude, if two stands have the same
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tree species, same spatial distribution of
trees, and same needle mass, the stand with a
rougher crown surface structure should have
lower reflectance both in the visible and near
infrared parts of the spectrum. If the needle
mass in the stand with a rougher crown
surface is slightly lower, the red light
reflectance can be similar. The near infrared
reflectance is still likely to be lower. If the
canopy is still sparser, the absorptance of the
near infrared may decrease, causing an
increase in the reflectance. Thus, the near
infrared reflectance will first decrease and
then increase.

Azimuth angle change relocates the slope
shadows. For example, the azimuth angle of
the sun is different in Landsat TM and Spot
images, since Spot images (vertical) are
acquired two hours later than the TM
images.

Penetration of the radiation

Not only the shadows but also the form of
conifer crowns may cause a reflectance
change when the elevation angle of the sun
changes. This is due to both the partly
specular reflectance properties of the conifers
and the amount of tree biomass that receives
the incident radiation. Incident radiation
with a low elevation angle confronts potenti-
ally more tree biomass than the radiation
from close to the zenith. However, the power
of the low elevation angle radiation is lower
than the high angle radiation, due to
absorptance by the atmosphere. Decrease in
power decreases the transmittance. Also, the
penetration properties and reflection proper-
ties depend also on the wavelength. For
example, the near infrared radiation penetra-
tes the canopy much deeper than the visible
light does (Gates 1970, Colwell 1974, Oke
1987).

According to Guyot and Riom (1988),
shadows dominate the poorly-penetrating
visible light reflectance of forests when the
solar elevation is low. The reflectance is low.
Near infrared reflectance should be high due
to high transmittance and low absorptance.
Guyot and Riom’s deduction is based on the
spectral measurements of crops. Wastenson
et al. (1988) state that conifer crowns,
especially spruce crowns, are so deep that the
near infrared radiation scarcely reaches the
ground even when the incident radiation
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comes from near the zenith. Therefore, the
near infrared reflectance is not higher with
low solar elevation angles.

Kleman (1986) has measured the reflectan-
ce factor of a Scots pine stand in June and
September in Sweden. The reflectance factor
of red light (channel center 0.68 um) in
September was 80 percent of the reflectance
factor in June. The measurements were made
from nadir. The respective percentages were
97 percent in the near infrared range (0.85
um) and 79 percent in the middle infrared
range (1.6 um). Kriebel (1978) has obtained
similar results in coniferous forests. In fir
(Abies) forests, Ranson et al. (1986) also
obtained similar results, especially with red
light reflectance, which decreased when the
solar elevation angle decreased.

A general conclusion about solar angle
and reflectance relations is that the reflect-
ance of a conifer stand, with a low solar
elevation angle, can be less than 80 per cent
of the reflectance with a high solar angle in
the visible and middle infrared part of the
spectrum. In the near infrared range, the
reflectance with low and high solar angles is
similar. Research in this topic has been
relatively limited.

Viewing angle

Several authors (Kalensky and Wilson 1975;
Kadro and Hildebrant 1980; Kimes et al.
1981; Wastenson et al. 1988) have reported
how the reflectance factor drastically chang-
ed when the viewing angle changed. On most
surfaces, the reflectance increases in off-nadir
observation. The increase is larger in the
visible than in the near infrared area of the
spectrum. The reflectance of barley in back
light illumination and with a 45 degree
sensor angle has been approximately 2.4
times the reflectance to nadir in red light and
1.8 times in near infrared. In front light
illumination, the ratio has been 1.4 and 1.3
times, respectively. The solar elevation angle
was 38 degrees (Nilson and Kuusk 1989).
With conifers, however, the reflectance has
decreased in front light illumination, until
the tilting angle from zenith is 50 degrees
(Kalensky and Wilson 1975; Kriebel 1978).
In Swedish studies with a 20 degree viewing
angle (Kleman 1986), the lowest reflectance
was approximately 90 percent of the reflec-
tance to nadir in front light illumination.
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When the instrument was tilted 45 degrees
from the sun, the reflectance of a spruce
stand nearly doubled both in the near
infrared and red range. The reflectance of a
pine stand increased less, being 1.5 times in
red light and 1.3 times in the near infrared of
the reflectance to nadir. The solar elevation
angle was 50 degrees.

The reasons for the reflectance changes in
different viewing angles are the proportion of
the shaded area visible to the sensor and the
specular reflectance characteristics of the
canopies.

The observation angles of the Landsat TM
and Spot HRV instruments are so narrow
that the spectral effect of the angles is small.
Duggin et al. (1985) have found 10 percent
higher front light than back light intensities
on similar surfaces on the extreme edges of a
whole Landsat TM scene (185 km x 185 km).
The viewing angle effect should be taken into
account if the most oblique viewing images
of the Spot satellite are used.

2.2.3 Atmosphere, signal registration
and processing

Atmosphere

Atmospheric gases, aerosols and dust cause
radiation absorption and scattering. Some
wavelengths (e.g. 1.4 um and shorter than
0.3 um) are absorbed entirely before they
reach the sea level. Scattering increases
exponentially when wavelength becomes shor-
ter (Manual of Remote Sensing, Vol. I 1983).
Atmospheric absorption and scattering cause
the original spectral signal, reflected or
emitted from the target, to change. The
intensity differences become smaller. Increase
in the amount of moisture or dust in the air
will increase scattering. Thus, if the first
observation is made in clear and dry
conditions and the second in moist and dusty
conditions, the intensities of the low and
medium reflectance objects increase although
no field changes have occurred. (Assume that
the power of the irradiance is the same). The
increase in the radiance by scattering is very
prominent. The radiance of blue light has
been five times as high at the altitude of 14.9
km as at the altitude of 0.92 km. The
radiance of red light has been three times as
high (Manual of Remote Sensing, Vol. I
1983).
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Scattering changes the illumination of the
target, too. Heavily scattered radiation (short
wavelengths) reaches the whole canopy
evenly whereas the amount of longer wave-
length radiation (near infrared) is low in
shadowed areas.

Signal registration

The Landsat Thematic Mapper sensor has 16
detectors in the flying direction, which means
that 16 lines are scanned simultaneously
(Landsat 4 data... 1984). Spot has only one
row of detectors, but the row consists of four
side-by-side detector blocks. It is difficult to
calibrate detectors so that the same level of
incident radiation gives the same output. The
calibration differences cause systematic inten-
sity variation, or striping, to the image. The
differences have been adjusted in the data
that are delivered to users. However, the
errors caused by the sensor block differences
were noticeable, particularly in earlier panch-
romatic Spot images. It has been reported
that the problem is being solved with better
image calibration (Courtois 1988).

Signal processing

Further signal processing and transmission
can cause intensity variation that is not as
systematic as the striping, i.e. the sequence of
the variation is not constant. That kind of
variation, which was apparent in earlier Spot
images, is harder to correct than the ordinary
striping.

If one is interested in possible field
changes between image acquisitions, the
images must be connected to the same
coordinate system. The basic geometrical
correction of an image is normally made in
the receiving station, using the track para-
meters of the satellite. A precise correction or
rectification to the map coordinate system
needs control points which are selected from
the map and the image. Using the control
points, a rectification model is constructed
(Hirvonen 1971). A new, rectified or geomet-
rically corrected image can be computed by
applying the model.

In the rectified image, the true location of
a pixel is not exactly the same as the
computed location. The shift from the true
location is due to: 1) measurement errors in
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the control points; 2) a difference between
the applied model and reality; and 3) the
pixel shift that is caused by pixel resampling.

In multitemporal data sets, the detector
calibration errors and signal transmission
and processing cause intensity changes that
have nothing to do with field changes. The
atmosphere, image acquisition, and changes
related to processing generate image noise
and do not usually form uniform areas, or at
least not areas which resemble forest stands.
Some cloud types may, however, be confused
with clear cuts (Saukkola 1982). Cloud
shadows may look similar to lakes in visual
inspection, but confusion rarely exists in
numerical interpretation with multiple spec-
tral channels.

2.3 Computational model of ’spectral life
cycle” of a stand

The available information about the spectral
properties of different elements of canopies
are applied to compute a simplified model of
the reflectance of a pine stand during its life
cycle (Table 1, Fig. 3a and b). Some coarse
assumptions have been made. The basic
assumption is that the weight of an element
is the area of that element as viewed from
above. The transmittance of the leaf canopy
and the reflectance of elements under the
leaves have not been properly taken into
consideration. The model includes only the
summer seasonal aspect. The reflectance is
assumed as being measured from nadir. The
shadows in the canopy have been taken into
account indirectly since reflectance data from
whole pine stands were available (Saukkola
1977). The reflectance is computed:

n
R(k) = _Zl w,; - R(k) ?2)
i=
where
R(k) is reflectance of a canopy type in channel k
W proportion of element i of the canopy of the
total area
R;(k) reflectance of element iin channel k
n number of elements

The applied reflectances of the canopy
elements (Table 1) are selected subjectively
with the help of literature (Saukkola 1977,
Kilpela et al. 1978; Hame 1984b; Ritari and
Saukkola 1985 and Tucker 1980; Rautiainen
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Table 1. Computation of reflectances of different canopy types.

Time Canopy type Pine Deciduous  Dry Dwarf Grass, Soil Reflectance
tree needles shrubs, herbs of the canopy
moss
w  Refl w  Refl w  Refl. w  Refl. w  Refl w  Refl.
R R R R R R R
NIR NIR NIR NIR NIR NIR NIR
0.9, 90.0 Mature pine 0.90 4 0.05 4 0.00 7 0.05 6 0.00 5 0.00 13 4.1
34 55 24 315
1.0, 1.9 Clear cutting 0.00 4 0.00 4 0.00 7 1.00 6 0.00 5 0.00 13 6.0
30 55 23 34 55 24 34.0
1.4 Dry needles 0.00 4 0.00 4 0.20 7 0.80 6 0.00 5 0.00 13 6.2
30 5 23 34 55 24 31.8
2.0 Soil preparation 0.00 4 0.00 4 0.00 7 0.80 6 0.00 5 0.20 13 7.4
55 23 34 24 320
9.9 Dec. shrubs 0.02 4 0.25 4 0.00 7 0.52 6 023 5 0.00 13 3.2
30 34 24 44.0
10.0 Dec. shrub
removal 0.02 4 0.00 4 0.00 7 0.75 6 023 5 0.00 13 5.7
3 55 34 24 38.8
349 Thinning cut.
aged forest — — — — — — 520 36.5D
35.0 Thinning cutting 0.80 5.2 0.00 4 0.15 7 0.05 6 0.00 § 0.00 13 5.5
36.5 55 23 34 55 24 343
35.0 Undisturbed
development 0.10 5.2 0.80 4 0.00 7 0.07 6 003 5 0.00 13 43
36.5 55 23 34 55 24 51.7
70.0 Undisturbed
development 0.50 4 0.40 4 0.00 7 0.07 6 0.03 5 0.00 13 42
30 55 23 34 24 41.0
“ Computed using linear interpolation
8- a 554 b
Pines reach Deciduous
50 deciduous trees ,”\  trees
74 s *\ decline
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Fig. 3. Computational model of reflectances of a pine stand during a rotation. Vegetation in summer seasonal

aspect. a) Red light. b) Near infrared radiation.

and Piivinen 1990; and Peterson 1989) and
should be regarded as examples of likely
reflectances. Also, the proportions of the
reflecting elements are examples only.

In the red light range, the model is very
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sensitive to the proportion of bare soil due to
its high reflectance which is three times as
high as the reflectance of the pines. In the
near infrared radiation range, deciduous
trees, grass, and herbaceous vegetation have
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almost twice as high reflectance as pine trees.

The output of the computations in Table 1
is presented graphically (Fig. 3). The reflec-
tance change between the rapid changes is
assumed to be linear. Thus, the reflectance of
a forest of thinning cut age (Time = 34.9 and
pine reflectance in Time = 35.0) has been
computed using linear interpolation 1) of the
reflectance of the canopy after deciduous
shrub removal (Time = 10.0) and 2) of the
reflectance of the mature pine stand (Time =
0.9 and Time = 90.0). It is very likely that
the reflectance change is not linear but that
reflectance drops rapidly until the closure of
the canopy (approximately 30 years). At that
time, reflectance may be close to the
reflectance of a mature stand. After the
closure, reflectance drops slowly. Linear
interpolation was applied because too little
information was available to apply nonlinear
relationship.

The frequency of the rapid changes is
much higher in the early development phase
of the stand than after the closure of the
stand (Fig. 3). The model suggests that
changes could be detected in the following
order, from the easiest to the most difficult:
1) clear cutting; 2) soil preparation; 3)
deciduous shrub removal and deciduous
shrub growth; and 4) thinning cutting and
damage.

The general trend for a conifer stand is
decreasing reflectance both in the visible light
and near infrared range of the spectrum (as
well as in the middle infrared range) during
succession from an open clear cut area to a
mature stand. Dry needles of the cutting
debris reflect red light effectively. Red light
reflectance decreases slightly when the need-
les fall and when the undergrowth recovers
because of increased irradiance.

Soil preparation destroys part of the under-
growth and exposes some highly-reflecting
non-organic soil. This causes the reflectance
to increase. The spectral characteristics of
rapid changes and the development of the
reflectance after the changes are similar in all
change categories since the amount of green
vegetation temporarily decreases in all cases.

In many damage types, the proportion of
chlorophylls decreases and the leaves (need-
les) turn yellowish or brownish before they
fall. The color change means significantly
increased red light reflectance (Gates 1970,
Koch et al. 1990).

The reflectance level of the untreated and
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undamaged stand is, on average, lower
during succession than the reflectance of a
stand with rapid changes because the above-
ground biomass is higher in the untreated
stand.

The general pattern of the reflectance
curve may be similar to the red light in the
middle infrared spectral range since the
visible and middle infrared spectral ranges
have high positive correlation (e.g. Peng
1987).

Spectral effects of rapid changes in the
near infrared range are somewhat uncertain.
The general decreasing trend of the reflect-
ance of a conifer canopy (Colwell 1974,
Saukkola 1977, Poso et al. 1988) is due to
increasing absorptance of the canopy. In the
canopies of deciduous trees, the absorptance
of the near infrared is up to 6 percent units
lower than the absorptance of coniferous
canopies (Williams 1991).

The model indicates that, in clear cutting,
the reflectance increases relatively less in the
near infrared than in the red light range
(Saukkola 1982). Soil preparation may not
have a great impact on the reflectance. The
preparation is usually made so soon after the
cutting that the undergrowth has not yet be-
come especially luxuriant (Hiame 1984a).

Deciduous shrub growth definitely increa-
ses the reflectance. The removal of shrubs
decreases it. Hime (1984b) stated that, in the
near infrared range, the Landsat MSS inten-
sities of the regeneration areas containing
harmful amounts of shrubs were even twice
as high as the intensities of the regeneration
areas with some shrubs only. The near infra-
red reflectance stays high if shrub removal is
not done. The increase stops when the poorly
reflecting pines reach the deciduous trees in
height (Fig. 3b). The reflectance drops when
deciduous trees (birches), whose life is
shorter than the life of pines, start to decline.

Because the near infrared reflectance
decreases when the stem volume of a stand
increases, thinning cutting should have an
opposite effect. The near infrared reflectance
should increase. The roughness of the canopy
surface may increase in a thinning cutting,
which increases the shadows. This, on the
contrary, tends to decrease the reflectance.
The most usual thinning cutting practice in
Finland may not change the upper canopy
surface greatly because predominantly short-
er trees are thinned.

Damage either destroys needles that have
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a higher reflectance than the other parts of
the trees or it can decrease the needle
reflectance (Gates 1970). The effect is
supposed to be a decrease in the near
infrared reflectance of the canopy (Hime
1988b). An uneven needle loss increases the
canopy roughness, which should decrease the
reflectance as well. Needle loss allows a
larger proportion of the incident radiation to
penetrate to the lower parts of the canopy.
More radiation reaches the ground and the
undergrowth has more impact on the
reflectance (Colwell 1974).

In some studies (Guyot and Riom 1988,
Williams 1988), damage has increased the
near infrared reflectance by 5 to 10 percent
units. Buschmann et al. (1989) have not
found big differences in the near infrared
reflectance of damaged and non-damaged
Norway spruce needles. In most studies,
however, the reflectance has decreased due to
damage (e.g. Colwell 1970, Boehnel 1976,
Ajai et al. 1983, Vogelman and Rock 1986,
Brockhaus et al. 1988).

The near infrared may not be the best
wavelength region to use to separate the
damage. Factors with opposite spectral
impact determine the final intensity. Even a
single reflecting element, leaves, can have a
different spectral behavior in different dama-
ge types. Spectroradiometer measurements of
pine needles are utilized in this study to
obtain more information about the ambiva-
lent behavior of the near infrared radiation
in the conifer canopy.

2.4 Factors affecting the selection of
the interpretation technique

The optimal approach keeps the intensity
differences of the changes of interest in the
data but minimizes the impact of the other
intensity changes. The essential factors in the
selection are:

. Image acquisition
. Preprocessing

. Spectral features
. Ground truth

. Algorithms

[ T

2.4.1 Image acquisition

Seasonal variation causes the most evident
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and wide-area changes in the nature. Images
should be acquired in the same season, if
possible, to avoid the intensity differences
caused by the seasonal cycle. Vegetation and
background should be in a relatively stable
phase. The middle of the growing period,
from late June to the end of August, is such
a period (Peterson 1989). Dry winter season
may be another suitable period. However,
the amount of snow and frost on the
branches can vary a lot. Low solar elevation
angle and low power of the irradiance are
also problematic.

Because of clouds, the time of image
acquisition can seldom be chosen optimally.
Good ground truth data can diminish the
harm from images acquired in different
seasons.

Spectral properties of conifer canopies are
so poorly known that the use of images with
different viewing angles is very difficult and
should be avoided.

2.4.2 Preprocessing

Errors in the rectification model can be
minimized by selecting enough (at least 30)
control points and measuring their image
coordinates and map coordinates carefully.
The interval in measuring the image coordi-
nates should be smaller than one pixel, e.g.
one half of a pixel. Using Finnish basic maps
(1 : 20 000), the mean square error of the
rectification model is usually less than one
pixel (less than 30 m for Landsat TM
images). The maximum residual errors of the
control point coordinates are close to one
pixel.

In change interpretation, the first priority
is that the multidate images overlap well. The
second priority is the overlapping with the
maps. The rectification can be made in two
phases to minimize the overlapping error.
First, the images are rectified to a coordinate
system of a reference image. Second, the
reference image is rectified to a map
coordinate system. The same rectification
model to the map coordinate system is
applied to all images since they already are in
the coordinate system of the reference image.
The second rectification does not change the
relative locations of pixels between the
images.

Nearest neighbor resampling (Bernstein
1976, Campbell 1987) causes a shift in pixel
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Unrectified
image

Fig. 4. Maximum intensity shift in nearest neighbor re-
sampling. A with a small pixel size in the rectified
image, B with a large pixel size.

location whose size is, at maximum, one half
of the diagonal dimension of the pixel of the
rectified image. The larger the pixel size of
the rectified image the larger the maximum
shift (Fig. 4).

The intensity shift caused by the resamp-
ling can be diminished using interpolating
resampling methods. The most common
interpolating resampling methods are bilinear
interpolation and cubic convolution (Bern-
stein 1976). The drawbacks of these methods
are that they filter the image or reduce
spatial resolution. Also, interpolating the
intensities of the standard satellite image
products is somewhat questionable since the
intensities of the raw data are already
processed when the image product is made.

A better way to minimize the resampling
error is to use a relatively small pixel size in
the rectified image; at least in the case where
raw data are not available.

The elimination of striping in the commer-
cial images is very difficult since the standard
geometric correction, made at the receiving
station, changes the sequence of the striping.
Noise is often reduced using image filtering.
A simple noise-reducing filtering technique is
to compute the mean of the intensities in an
n x n pixel window which is moved across
the whole image (Peng 1987). Also the mean
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filtering reduces the spatial resolution and
makes the image smoother. Edge-preserving
filtering methods have been developed (Na-
gao and Matsuyama 1979). A drawback of
such filtering is that it manipulates the
original radiance measurements, i.e. the pixel
intensities.

Spatial and supervised interpretation met-
hods are some other means to lessen the
impact of the noise. In spatial methods, the
environment of a pixel is taken into account
in the interpretation. Smaller variation due
to noise is not as harmful as when pixels are
handled separately.

Supervised classification methods, where
the parameters of the estimator are comput-
ed using real training areas, are an effective
way to take noise into account. The spectral
model has all the elements of the registered
electromagnetic radiation: spectral differen-
ces due to field variation and noise. If the
noise is uniform across the image, the
supervised method may be a most effective
approach to diminish the harmful impact of
the noise.

2.4.3 Spectral features

Change interpretation can be based on
original channels, or image transformations
can be computed before the actual inter-
pretation.

Original channels have all the registered
information. The majority of the intensity
variation may, however, be caused by factors
other than the change. Also, the amount of
data grows high if all the spectral data are
included in the analysis.

The purpose of image transformations is
usually to extract the essential information
and/or to compress the data. Some irrelevant
information is lost by purpose. Intensity
transformation to reflectances (MacFarlane
and Robinson 1984) is an exception. If it is
fully successful, the amount of information
increases since external information about
the irradiance and atmosphere are brought in
(Rosengren and Ekstrand 1988).

Adequate information about the atmos-
phere is hard to obtain, thus making the
transformations uncertain. The surface itself
is another problem. Reflection properties of
non-diffuse surfaces, like conifer forests,
change when the solar angle changes.

Furthermore, a slight seasonal change will
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give somewhat different reflectance values,
although all input data and computations
were correct. This may be the aim, if one is
interested in the changes of the vegetation
cover in different seasons. If the objective is
to detect forestry treatments and damage
using the transference of the old statistics to
new images, the seasonal variation is disrup-
tive.

Reflectance transformation or other types
of image calibration are important if, for
example, general changes in the vegetation
cover are studied over a wide area. This is
true especially when using unsupervised
methods. Without corrections, the results of
analyses are hard to interpret. It is more
difficult to justify image calibration if specific
ground truth is still needed.

Another alternative is not to try to
calibrate the images but to develop interpreta-
tion algorithms which can adjust to images
acquired in different illumination and atmos-
pheric conditions.

Principal component or Karhunen-Loeve
transformation is one of the most commonly
used data dimension-reduction or compres-
sion techniques in remote sensing (Poso et al.
1984 and 1987, Peng 1987). The principal
components are linear functions of the input
variables. The columns of the transformation
matrix are the eigenvectors of the covariance
matrix. The first principal component (PC,)
is computed:
+s:iata

PC,=a;x, ta 1% 3)

where x, is the value of the k’th spectral channel

12%2

The coefficients aj are selected so that the
variance of the PC; is as high as possible.
Also, Zaiz = 1. The second and further
principal components are computed similarly
so that the principal components are uncorre-
lated and orthogonal (Seal 1964). An exten-
sion of the principal component analysis is to
calculate the transformation from the corre-
lation matrix. The basic variation is concen-
trated in higher components. Lower compo-
nents can be excluded from further analysis.
Because at least two images are used in
change interpretation, the need to compress
the data is evident. Principal component
transformation has also been used for direct
change extraction (Richards 1980). Two
Landsat MSS images from separate dates
have been superimposed and the transfor-
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mation has been made into a combined set
(eight channels). Then the major variation,
which is usually not due to change, has been
concentrated in higher principal components.
The minor, small area variation can be seen
in the lower components. A classification has
been made using the 3rd and 4th principal
component. The changes were bush burn
areas in Australia. The results left unclear
whether an equally good or better result
would have been obtained using original
channels. The direct extraction of the
changes using the principal component
analysis requires that a large proportion of
the area be unchanged.

Canonical discriminant analysis (Seal 1964)
is a dimension-reduction technique related to
principal component analysis and canonical
correlation. Given a classification variable
and several quantitative variables, the canoni-
cal discriminant analysis derives canonical
variables (Can;) that summarize between-
class variation. Canonical discriminant ana-
lysis derives a linear combination of the
variables that has the highest possible
multiple correlation with the classes (SAS
Institute Inc. 1988):

Can,=a x, +a,x,+... +a _x 4)

in“n

where x, is the value of the k’th spectral channel

The coefficients (a;y) are selected so that each
canonical variable Can; maximizes the F
ratio of between-classes mean square to
within-classes mean square. Also, a2 = 1.
The first canonical discriminant funCtion is
based on the highest F ratio. The Can;
variables are uncorrelated. The canonical
discriminant analysis may be more relevant
to the interpretation problem than the
principal component transformation since
the principal component analysis only maxi-
mizes the explained variance in the compo-
nents. The performance of the canonical
discriminant analysis depends on the validity
of the classification variable — on the
ground truth in the satellite image analysis.
The aim of difference channel computation
is to extract the change diminishing the inten-
sity variation, which is common to both
channels. Usually, spectral features that
represent the same wavelength area, but are
acquired on separate dates, are subtracted
from each other (Saukkola 1982). The
intensities of the difference channels are then
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Fig. 5. Intensity differences of two observations (cross
and circle) without (left) and with (right) histogram
matching. Channels with same wavelength and ac-
quisition dates t-n and t (Hame 1987).

understandable. All values that deviate from
the original represent a change. The features
may be calibrated before the subtraction
(Fig. 5) (Singh 1989).

A drawback of the difference channel
computation is the lack of a real, unchanged
element in the forest ecosystem. Also, the
fading of variation caused by tree cover
differences may cause confusion among
change classes which would otherwise be
very easy to separate using original channels.

Residual images are special types of
difference channels. A linear regression
model is computed where one spectral
feature, i.e. wavelength channel or transfor-
med feature, is the dependent variable.
Another feature from the same wavelength
area, but from a different date, is the
independent variable. The residual is then
computed between the dependent variable
and the model. If the original channels are
successfully calibrated before the model has
been computed, the regression equation
shows the general trend of the change (Frank
1984). If the proportion of area with major
field changes is small, the regression techni-
que can be employed to calibrate corres-
ponding multitemporal channels (Olsson
1991).

Differences of channel ratios have also
been applied. Channel ratio differences have
usually been differences of near infrared
radiation/red light ratios, “vegetation indi-
ces”. Near infrared/middle infrared ratios
have also been applied (Vogelmann 1989).
The vegetation indices have been computed
as a simple ratio of near infrared/red or by
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using normalized vegetation indexes (NDVI)
(Nelson 1983, Sader 1988):
_ NIR — Red
NDVI=NIR + Red ©)
where
NIR is near infrared intensity
Red  red light intensity

Different ways to calculate the vegetation
indices all seem to lead to similar results
(Williams et al. 1979).

Instead of subtracting the bitemporal chan-
nels having the same wavelength, their ratios
can be computed (Singh 1989).

Rosengren and Ekstrand (1988) suggest
that change caused by forest decline should
be detected calculating chromaticity index
differences. In their study, a chromaticity
index (CI) was:

Cle————— (6)
RTMA

where
R is reflectance.

The chromaticity indexes have been applied
since it has been assumed that the ratio of
near infrared/middle infrared is effective in
damage detection and that the use of the
ratio diminishes the spectral effect caused by
the topography. The method has been
applied so far to monotemporal data only.
Wastenson et al. (1988) have pointed out that
the exact delineation of spruce forests is a
prerequisite for useful results by the chroma-
ticity method. Damaged spruce stands give
similar chromaticity values to healthy pine
forests.

2.4.4 Ground truth

The ground truth is needed as training data
to compute the parameters of spectral
models in the supervised interpretation
approach. It is also needed to test the
interpretation results.

Two basic types of ground truth are
available in forest applications: stand and
plot data. In forestry, stand data are
collected for operational planning and plot
data for strategic planning. Several spectral
vectors, i.e. pixels, can be selected for every
stand. Smaller localization errors of the
pixels are not very harmful for construction
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of a model between field and spectral data.
Stand data normally permit an adequate
number of observations for statistical spect-
ral models.

A drawback of the stand data is that the
field variable values may not be very
carefully measured. Stand data seem to be
the natural ground truth if the aim of the
interpretation is to get results for stands.

Measurements from plots are usually very
reliable because the objective of the sampling
is to give credible statistical information. The
plots are located so far from each other that
the relationship of the neighboring plots is
much less than the field content of adjacent
pixels. The National Forest Inventory (NFI)
of Finland is a plot (point) sampling survey.
One of the advantages of the NFI data is that
they are measured at regular intervals from
the whole country in a standardized method.

A drawback is that only a few pixels can
be selected for each plot. It may be hard to
get enough observations, especially for statis-
tical interpretation models. Location errors
of pixels are more dangerous than in the case
of stand data. The problem is somewhat less
if the distance from the plot to the closest
stand boundary is registered in the field.

2.4.5 Algorithms

Goldberg et al. (1982) divide the change
detection methods to signal-based and symbo-
lic approaches. The signal-based approach
means traditional pixel by pixel classification
methods. In the symbolic approach, spatially
homogeneous areas are extracted before
detection of change is attempted. Signal-
based approaches have been used in numeri-
cal interpretation more often than symbolic
approaches. Visual interpretation can be
placed in the category of symbolic appro-
aches.

The simplest approach to interpret change
may be to compare individual analogous
images visually (Hall et al. 1983). A more
advanced method is to compare two numeri-
cal classifications (Joyce et al. 1980, Lehto
1981, Burns 1985). The problem with
comparison is the errors in the individual
classifications. It is hard to know if the class
change is due to the field change or to a
classification error of the individual image.
Goldberg et al. (1982) have presented a
scheme to increase the joint performance. An
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expert system would compare two classi-
fications and decide whether the category
changes are logical. Goldberg et al. (1982)
have segmented the images from different
dates and compared the classified segments.

The post-classification comparison would
be suitable for finding clear cuttings, but
hardly suitable for any other changes that are
investigated in the study. This can be
deduced from the accuracies of the stand
variable estimation which have been obtai-
ned in recent Finnish studies (Poso et al.
1987, Tomppo 1988).

The most frequently used numerical chan-
ge detection method may be thresholding of a
single spectral feature, e.g. difference in the
red light channels (Saukkola 1982), which
should indicate the change.

Principal component transformation to mul-
titemporal data set, direct multidate classifica-
tion, and change vector analysis are methods
where several spectral variables are analyzed
simultaneously to separate changes.

In direct classification, the features have
most often been either original channels or
compressed monotemporal features, such as
principal components. For some reason, the
use of “change features”, e.g. difference
channels, has usually been restricted to single
feature thresholding.

Swain (1978) has presented an sophistica-
ted extension, a cascade classifier, to the tradi-
tional maximum likelihood classification.
The method has not actually been developed
for detecting changes, but rather for giving
updated classification results. Bitemporal
field data are used to compute so called
“transitional probabilities” which describe
the probability that a class has changed from
one to another between the dates of image
acquisition. In the second stage, transitional
probabilities are used in classification of the
later image in a similar way as are a priori
probabilities. A direct classification of a
merged, two image set gave an 80.8 percent
overall performance. The cascade classifica-
tion had an 83.8 percent performance. It was
assumed (Swain 1978) that limited ground
truth was the reason for slightly poorer
results with the merged data whose dimensio-
nality was twice as high as the data in the
cascade classification. Peng (1987) has appli-
ed Swain’s method to general-purpose forest
inventory in Finland.

A decision tree classification method has
been used with multitemporal data (Lozano-
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Garcia and Hoffer 1985). First, the most
obvious classes like tree cover/no tree cover
are delineated with a simple classification,
while the areas of interest are classified in
more detail. The determining of an optimal
decision tree may, however, be very difficult.
If it is to succeed, the tree structure may
easily become very complex (Swain 1978).

The change vector analysis by Malila (1980)
is an interesting example of symbolic appro-
aches, but it has not been commonly used
since its announcement. This method separa-
tes change detection and identification,
which makes it a different approach from
direct multidate classifications that combine
the two phases. Also, spectral and spatial
information is combined in change vector
analysis. First, two images from separate
dates are normalized using the Tasselled Cap
operation by Kauth and Thomas (1976). This
linear operation gives results similar to the
principal component analysis. Two variables,
”brightness” and “greenness” are computed
from both images in the operation. Then, a
spectral-spatial clustering is performed on
the four-feature data set to find homoge-
neous areas.

The locations of the areas, “blobs™, at
different dates are studied. The change vector
is computed between the earlier and later
locations of the blob spectral mean in the
“brightness” and *greenness” coordinate
system. The magnitude of the vector tells the
magnitude of the change and the direction
the type (e.g. clear cutting or regrowth).
Thus, not only the type of the change, but
also its size, can be output. This method has
been reported to be sensitive to its parameter
setting (Malila 1980). However, there is no
clear procedure on how to define the
parameters (Singh 1989).

Robinson et al. (1982) have studied
changes in arid lands, observing the change
of the correlation coefficient. The area was
divided into 2 km by 2 km squares.
Correlation coefficients were calculated be-
tween red light and near infrared channels
for each square individually from two
images. The image data were Landsat MSS.
The correlation coefficient values of the older
image were subtracted from the values of the
newer, square by square. The positive
differences indicated that the amount of
green vegetation had decreased. A negative
difference indicated an increase. The authors
think that the method easily overestimates
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the change. This method is based on the fact
that the red light reflectance decreases and
near infrared increases when the amount of
grass vegetation increases.

The change interpretation can also be
made utilizing an analogous image of features
describing the change (Eyton 1983).

The collection of reliable ground truth for
change inventory is usually difficult. There-
fore, it is an attractive idea to collect the
ground truth once and use the computed
spectral model to analyze new images. This
requires that all images are calibrated
similarly. Hall et al. (1988) have modified
classification statistics, which were computed
for a 1973 Landsat MSS (MultiSpectral
Scanner) image to classify a 1983 MSS
image, into the same relatively coarse classes.

The most often applied change interpreta-
tion methods should be placed in the
category of supervised methods. The spectral
boundaries of the classes are defined with the
help of ground truth information. In very
many cases, the spectral class boundary has
been set by the individual according to his
general knowledge.

The supervised methods may be more
suitable than the unsupervised when one is
interested only in a small part of the intensity
variation. The multitemporal data set is
likely to include many types of intensity
changes besides those due to the predetermi-
ned field changes. The primary use of
unsupervised methods is to find phenomena
that are poorly known.

2.5 Selected technique

According to the earlier studies, more
information is needed about the spectral
properties of changes and the optimal
spectral features used in change interpreta-
tion. Therefore, the main focus in the
analyses will be on the spectral behavior of
the changes (Chart 1).

Many derived spectral features will be
tested and compared with each other and
with original channels. The tests will be made
both feature by feature and by making
experimental classifications and regression
analyses using sets of features. Finally,
several classifications will be made and tested
with ground truth data omitted in parameter
estimation of classification models.

Several existing algorithms will be tested
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Chart 1. Selection of the interpretation technique.

Factor to be taken Action
into consideration

Seasonal effects

1) Elimination of spring and autumn aspect selecting summer images if possible.
2) Choosing several image pairs.

3) Analyzing summer and winter images.

Preprocessing

1) Two-phase rectification to minimize overlapping error.

2) Relatively small pixel size in resampling to avoid resampling shift.
3) Nearest neighbor resampling to avoid intensity changes.

Spectral features

1) Basic spectral information employing spectroradiometer measurements of pine needles.

2) Analyzing intensities of separate satellite image channels and channel sets.
3) Comparing derived spectral features with original channels and each other.

Ground truth 1) Stand data.

2) Plot data.
Algorithms 1) Supervised methods.
2) Unsupervised method.

3) Spatial information using segmentation.

to study the role of the algorithm in the
formation of an interpretation result. Classi-
fication will be applied to study the possibili-
ty to extract the changed area. Regression
analysis will be employed to estimate the
continuous variables, drain of the thinning
cuts and the damage.

Image segmentation will be a way to use
the symbolic approach (Goldberg et al. 1982)
in the interpretation. Also, classifications will
be tested utilizing forest stands of a forest
management plan as testing units instead of
single pixels.

The post-classification comparison of indi-
vidual classifications has been rejected as too
coarse a method. Also, the correlation
coefficient methods are not used since they
were developed for cases where the largest
proportion of the area is changed.

The main interest of this study is not to
develop new interpretation algorithms. Exis-
ting and available algorithms will be applied.
New algorithm development is seen as the
next step after reliable information about the
spectral properties is available.

3. Materials

3.1 Study area

The study area, centered at 61°51° N, 24°22’ E, is a 40
km by 40 km square in the Korkeakoski district of the
National Board of Forestry and its surroundings (Fig.
6). The area represents a typical boreal forest in
Southern Finland (Kalliola 1973), with small stand sizes
(1 to 4 hectares). The area also has some features of the
more northern forests, such as a barren upland region.
The most common soil type is till. Eskers and other
glaciofluvial deposits and silt each represent approxi-
mately ten percent of the soil types. The distance to
bedrock does not exceed one meter from the soil surface
in most of the till area (Geological map... 1982).

The relief of the area is quite flat. Elevation from sea
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level varies from 85 meters to 190 meters. The higher
elevations have not been under water since the last
continental glacier melted (Haavisto (ed.) 1983).

The tree canopies were quite young and slightly pine
dominated, as seen in Table 2. The data for the table
are from forest land plots of the National Forest
Inventory (NFI) (forest land: average annual growth in
stem volume exceeds 1 m?/ha using a 100 year
rotation). The mean age was 57.0 years, and the mean
volume was 59.8 m*/ha. Scots pines (Pinus sylvestris L.)
were, on average, younger than the Norway spruce trees
(Picea abies (L.) Karst.). The most usual or modal age
class for pines was 0—25 years (42.5 percent of pine
dominated forests) and for the spruce it was 51—100
years (60.0 percent of spruce dominated forests). In
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Table 2. Statistics of the study area from NFI data. Table 3. Satellite images and their pre-processing.

I Rich. OMT-type (Oxalis-Myrtillus) or corresponding swamp
11 Medium rich. MT-type (Myrtillus)

111 Medium barren. VT-type (Vaccinium)

IV Barren. CT-type (Calluna)

V  Rock, sand.

g ] l Imaging parameters Atmospheric information Rectification
Mineral soil and peatlands Image  Satellite  Sensor l‘:‘o. of Origl, Date Time  Path Row Tilt Sunclev. Temp.) Relat. — Method” No.of Max. ~ Mean
\ name " i square
Mineral soil Spruce swamp Pine swamp Shamn.pos ;rnw humid. ;.:’.I.;L :::dr squs
95.2 6.7 8.1 % l (m) GMT) © 0 @ ™ m
TMIB84 Landsat TM  6(7)  30(120) Sep 15,1984 07:45 189 017 0 29 126 58 B 49 21 14
Site type TMI8S Landsat TM ~ 6(7)  30(120) Jun 21,1985 07:45 190 017 0 49 224 50 A, B 30,49 20,21 14,14
, I I v v TMI86 Landsat TM ~ 6(7)  30(120) Jun 17,1986 07:45 189 017 0 49 237 43 A,B 32,49 21,21 15,14
. X . ) SWI87 Spot HRVI 3 20 Mar 11, 1987 10:05 223 069 Left 07.3 24 =73 73 A/B 43,49 1821 13,14
Izi(l)c;\ Medlél(x)n; rich Medlu]r;l(‘;a"cn 333“2"“ R°°';’Ssa"d % SSI87 Spot  HRVI 3 20 Jul 20,1987 09:47 223 070 Right1l.1 49 204 42 19 16 10
' b meq_sum in Kuorevesi Hall 09:00 GMT )
Dominant tree species B To base map coordinate system wing ncares neghbos rosmping thshod. P s o e e e iagery 30 m.
I 1T 111 0% -V VI
Treeless Pine Spruce Birchl Birch2 Alder . ) . .
43.1 2.2 1.2 0.2 % humidity had probably increased the scattering of the 3.2.2 Geometrical rectification
1.0 52.2
( short wavelengths (Manual of Remote Sensing, Vol I
Age class 1983, p. 175). The noise in the first channel of image The images were rectified to the uniform coordinate
0—25 26—50 51—100 101—150 151—200 (years) TMIBS was clearly lower than in image TMI84. system, which is a Finnish coordinate system in the
29.8 16.3 41.9 11.3 0.7 % The technical quality of all images was good. The Gauss-Krueger projection. The rectification was based
visible light channels of Landsat images had some on the linear affine transformation (Hirvonen 1971):
Volu(r)ne;;ass —_ 5l 101—150 151—200 201—250 251300 (m*/ha) I striping  which could not be eliminated since the
3;8 1 273 165 52 0.2 0.2 % | frequency of the stripes was not uniform due to the 1=ay+a;x+ay (7)
. : ’ preprocessing in the receiving station. In Spot images, c=by+b;x+byy
striping and noise were very limited on visual where
Site type
|
|

Dominant tree species

I Treeless.

I Pine. Scots pine (Pinus sylvestris L.)

111 Spruce. Norway spruce (Picea abies (L.) Karst.)
1V Birchl. (Betula pendula Roth.)

V  Birch2. (Betula pubescens Ehrh.)

VI Alder. (Alnus incana Moench., Willd.)

All statistics are percentage proportions of 406 sample plots.

10 20 30

Fig. 6. Study area.
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spite of the pine domination, 80.3 percent of the plots
were on medium-rich Myrtillus or richer site type
(Cajander 1913).

The study area was within one of the most important
forestry areas in Finland. Consequently, it was also
within one of the areas in Finland with the greatest
potential for to applying and practicing remote sensing
aided change detection.

3.2 Satellite images
3.2.1 Description of the image data

Five satellite scanner images were used for interpreta-
tion (Table 3). The system-corrected Landsat TM
images were obtained through ESA-EARTHNET, and
were pre-processed at Esrange, Sweden. The Spot
images were obtained through Satellitbild/Spot Image,
and were pre-processed to level IB which corresponds
to the system correction for the TM images (The
catalogue... 1989). The study area was totally cloud-free
in the first two Landsat TM images, TMI84 and TMISS,
as well as in the two Spot images, SWI87 and SSI87.
Thin clouds partially covered the Landsat image
TMIB6.

Image TMI84 differed from the true summer images
because the trees and other plants already had a partial
autumn coloration. The relative humidity in image
TMI84 was also higher, and the solar elevation angle
lower, than in the other summer images. The low
elevation angle caused quite low intensities and a
narrower dynamic range (Fig. 7). A high relative
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inspection. However, the interpretation phase revealed
disruptive radiometric errors in the Spot summer image.

Frequency

Intensity, TM3
H i

Frequency

0 20 40 60 80 100 120 140
Intensity, TM4

0 20 40 60 80 100
Intensity, TM5

Fig. 7. Intensity histograms of the TMI84 (decreasing
lines) and TMI8S (increasing lines) images.
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1 is line image coordinate of a pixel

c column image coordinate of a pixel

X map East coordinate of a pixel

y map North coordinate of a pixel

a parameters which are estimated using
control points

The control points were measured from the basic maps
of the National Board of Survey, scale 1:20 000. The
resampling method was nearest neighbor (Bernstein
1976), which was chosen because it does not change
intensities.

Landsat images TMI85 and TMI86 and image SWI87
were rectified to the coordinate system of image TMI84
before rectification to the map coordinate system. The
second rectification, to the uniform coordinate system,
was based on the rectification function calculated for
image TMI184.

Visual inspection showed that the differences bet-
ween pixel locations were as much as one pixel if the
images were rectified independently, but the images
fitted well if they were first rectified image on image.

3.2.3 Correction of the radiometric errors
in Spot image

In preliminary classifications using the Landsat TM/
Spot data, a very high proportion of the area went to
the class of actual thinning cuts. Visual inspection
showed that the class was concentrated on the eastern
third of the study area and that the boundary of the
class with other classes was very sharp. Also, the
intensities of the middle third of the area differentiated
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somewhat from the eastern and western parts of the
study area.

Homogeneous areas were selected from lakes on both
sides of the zone’s boundary, and the spectral statistics
of the channels were calculated. They showed that the
intensities of similar lakes were different on each side of
the boundary. The significance of the difference was
tested with a t-test. If the null hypothesis (means equal)
was rejected with 5 percent significance level, the
intensities were corrected. The following integers were
added to the intensities of the Spot channels in each
part:

Spot channel Part
West Middle East
SS1 0 +1 +1
SS2 0 0 +1
SS3 0 0 +1

Later classifications did not show any systematic
concentrations of the thinning cut class.

The reason for the radiometric errors may have been
the calibration differences of the parallel detector
elements of the Spot. (The total number of the detector
elements is 4 but data from 3 elements covered the
study area). The differences between the detector
elements caused such small intensity differences that
they were not clearly visible in ordinary visual images.
They became apparent in the classification where two
classes were spectrally very close.

3.3 Combination of ground truth and
intensity data

The ground truth data (Table 4) were obtained from
three sources:

1) stands measured by the National Board of Forestry,

2) plots measured for estimating the Gremmeniella
damage and

3) twice-measured plots of the National Forest
Inventory (NFI).

The Gremmeniella plots were more stand type than real
plot type data since the plots were measured within
homogeneous stands. In addition to the forest measure-
ment data, the digital elevation model and the basic
maps were used.

3.3.1 Stand material

Field personnel of the National Board of Forestry
marked on maps (scale 1:10000) of the forest
management plan the boundaries of all stands where a
manmade change had occurred between dates of image
acquisition, and the boundaries of reference stands with
no change. Date limits were set according to the dates
of the satellite image acquisition. Each operational area
of the Korkeakoski district, which extended into the
area of the satellite images, had stands with changes.

Table 4. Distribution of stands and plots into the change and reference classes.

Type of change Number of stands or plots
or reference (R)
Setl Set2 Dam
SetlA  SetIM  SetlT  Set2A  Set2M  Set2T  PNFIA PNFIM PNFIT DamA DamM  DamT

Clear cuts 15 8 9 18 8 6 7 7 0 0 0 0
Clear cuts RV 16 8 8 11 6 5 89 41 86 0 0 0
Thinning cuts 57 30 27 25 10 15 25 25 0 0 0 0
Thinning cuts R? Y ) 19 32 10 22 28 11 55 0 0 0
Shrub removal® 9 9 0 11 10 1 13 13 0 0 0 0
Shrub removal R 33 18 16 31 10 21 — — — 0 0 0
Shrub growth 0 0 0 0 0 0 14 14 0 0 0 0
Soil preparation 18 9 9 18 10 8 0 0 0 0 0 0
Soil prep. R 6 3 3 5 5 0 — — — 0 0 0
Gremm. dam<=30% 0 0 0 0 0 0 0 0 0 36 16 20
Gremm. dam>30% 0 0 0 0 0 0 0 0 0 25 15 10
Total 195 107 91 151 69 78 176 111 141 61 31 30

! Plots with tree stem volume = 40 m*/ha in PNFI data.

2 Plots with tree stem volume 0—39 m*/ha in PNFI data.

3 Two classes in Set!M: mechani 3 stands,
treatment 6 stands.

Setl Stands by the National Board of Forestry.
Controlled changes Sep. 9, 1984 — June 6, 1985.
Stand variable data included.

Original number of stands 202, change registered on 105 stands.

Set2 Stands by the National Board of Forestry.
Controlled changes June 22, 1985 — June 16, 1986.
Stand variable data not included.
Original number of stands 168, change registered on 77 stands.
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PNFI Relascope plots of the National Forest Inventory of Finland.
Measured summer 1984 and summer-autumn 1987.
Controlled and uncontrolled changes.
Stand variable data included.
Original number of plots 406, change registered on 129 plots.

Dam Relascope plots for the Gremmeniella damage estimation.
Measured summer 1986, pure Scots pine plots only.
Stand variable data included.
Original number of plots 61, damage registered on 61 plots.
Plots measured in 29 separate areas.
SetlA, Set2A, PNFIA, DamA — Number of stands/
plots used for preliminary spectral analysis.
SetIM, Set2M, PNFIM, DamM — Number of stands/
plots used for classification model construction.
SetIT, Set2T, PNFIT, DamT — Number of stands/
plots used for testing of classifications. Hime T.

Thus, the changes were distributed to the entire study
area. The reference data consisted of stands in which
the treatments would be done immediately after the
later date limit.

The main stand variable values for Setl (Table 4)
were selected from the forest management plan of the
National Board of Forestry. The plan was based on the
field inventory of 1975. The stands in Setl were, on
average, more barren than the forests in the study area
as a whole. In the total area, 80.3 percent of the NFI
plots belonged to medium rich or rich site types. In
Setl, this proportion was 56.4 percent. The clear cuts
were concentrated on old spruce dominated forests, and
the thinning cuts on young forests. The following
statistics have been computed from the stand characte-
ristic values of the clear cut or thinning cut stands in
Setl. The data are from forest management plan data
(1975 inventory) without any computational updating.

Actual clear cuts
— age class 101—150 years, 46.7 % of clear cut
stands
— proportion of pine 0—50 %, 100 % of clear
cut stands
— suggested drain 300—400 m*/ha, 40.0 % of
clear cut stands

Actual thinning cuts

— age class 0—25 years, 58.6 % of thinning cut
stands

— age class 26—50 years, 34.5 % of thinning cut
stands

— proportion of pine 0—50 %, 50.0 % of
thinning cut stands

— proportion of pine 60—100 %, 50.0 % of
thinning cut stands

— suggested drain 0—30 m*/ha,
86.2 % of thinning cut stands

Two of the thinning cut stands (3.4 %) had a deciduous
tree as the dominant tree species. Most of the thinning
cuts were the stands’ first thinning, which caused a low
drain. The drain in basal area was only approximately
4 m2/ha on some field-checked stands.

The “’shrub removal” class in Setl may include some
stands where the treatment was primarily thinning of
the overdense pine canopy and not deciduous tree
removal. The type of the treatment is known. Three of
the nine “shrub removal” stands had had a mechanical
treatment only; whereas, on six stands, the treatment
had been mechanic-chemical. In the latter case, the
main problem in the stand had definitely been decidu-
ous shrubs. Therefore, two separate shrub removal
classes were constructed for the final classifications.

Soil preparation on the regeneration areas had been
either plowing or harrowing. Information on the type
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of the cultivation was not included in the field data.

The boundaries of the stands were digitized on a
digitizing table to the format of the image processing
software (DISIMP 1987). The spectral means and
covariance matrices were computed from the intensities
of the stands. The stand means were analyzed using
SAS statistical software (SAS Institute Inc. 1985 and
1988).

Impossible or very exceptional field variable or intensity
values caused some stands to be eliminated from the
original stand data sets when the stand sets for the
analyses were formed. The incorrect intensities were
caused, among other things, by clouds or cloud
shadows (in image TMI86), or by wrong delineation of
the stands on the forest stand maps. Note that only
stands whose intensities deviated drastically from the
intensities of the majority of the plots and whose
intensities were illogical were eliminated. The propor-
tion of the eliminated stands was 3.5 percent in Setl
and 10.1 percent in Set2 which was used for the
partially cloudy TMI86 image.

An example of the exceptional intensities was five
clear cuttings in Setl which were both cut and plowed
or harrowed between the dates of two satellite images.
Their intensities were heterogeneous and somewhat
different from the stands which were cut only. They
were too few to form their own class, and for that
reason they were left out from the analysis and
estimation of the parameters of the classification model.
The stands were, however, used for the testing. Set2 had
four special clear cuttings. They were included in the
intensity value analysis, but excluded from the
parameter estimation for the classification model and,
by mistake, also from testing.

Stands for the parameter estimation of the classifi-
cation models were selected using stratified random
sampling where the strata represent the change and
reference classes. Approximately one half of the stands
in each class were used for model construction in Setl,
with the other half used for testing. The classification
models using Setl included a large number of thinning
cuttings because securing a representative number in the
model was desired. The approach in Set2 was more
straightforward: ten stands per class were selected when
possible. The rest were left for the testing. Only with
spectrally very distinct clear cuttings, a smaller number
of stands was regarded as satisfactory. Though one
stand may often include an adequate number of pixels
for sound spectral statistics, a single stand can seldom
represent the whole class satisfactorily.

3.3.2 Gremmeniella data

Ground truth data for the interpretation of the
Gremmeniella damage were field-measured sample

29



plots. They were originally selected from aerial
photographs for a study on the inventory of damage by
means of color infrared photography (Alajirvi 1987).
The Gremmeniella data were collected from two sub
areas within the study area, each approximately 3 km
by 3 km.

During aerial photo interpretation, smaller stand-
type areas that had been classified as being damaged
were delineated. A systematic plot sample was placed in
each stand. Each stand had 1 to 5 plots, depending on
the size. The field distance between the sample plots
within a stand was on average 50 m, varying slightly
according to stand size. The field inventory was
performed in the summer of 1986, a year after an
epidemic. Consequently, the needles that died because
of the damage had already fallen.

Each sample plot was a combination of a circular
plot (100 m? in area) and a relascope point (basal area
factor 1). For each tree, the diameter of the stem was
measured, and tree species was registered. The age and

Table S. Statistics of the Gremmeniella data.

needle loss were estimated visually. The needle loss (L,)
for an individual tree i was estimated:

L,=04-T,+04-M+02"B, 3

where
T. is needle loss in percent in the section of two
' uppermost whorls of branches for trees
under 30 years, 1 m from top for older trees
M,  needle loss in the residual part between
Tand B

B,  needle loss in the four lowest branch whorls

The estimation procedure had been developed at the
Finnish Forest Research Institute, Department of
Forest Protection. In the procedure, the uppermost part
of the tree had the highest weight. The use of such
weighing was aimed at taking into consideration the
significance of the damage to the future life of the tree.
The year of the damage was not registered.

Visual estimation of needle loss has the danger of
subjectivity. The most difficult problem in both visual

Mineral soil and peatlands

Mineral soil Pine swamp
83.6 16.4 %
Site type
I 11 111 v \%
Rich Medium rich Medium barren Barren Very barren
0.0 29.5 47.5 21.3 1.6 %
Age class
11—-20 21-30 31—40 41—50 51—130 (years)
6.6 62.3 18.0 33 9.8 %
Volume class R
0—25 26—50 51—100 101—150 151—200 201—250 251—300 (m”/ha)
49 29.5 525 9.8 1.6 1.6 0.0 %
Mean diameter
5.1—10.0 10.1—15.0 15.1—-20.0  20.1—25.0 (cm)
32.8 45.9 19.7 1.6 %
Mean height
1.1-5.0 5.1—10.0 10.1—15.0 15.1—20.0 (m)
33 67.2 279 1.6 %
Density
251—1000 1001—1750  1751—2500  2501—3500  (stems/ha)
23.0 16.4 39.3 21.3 %
Site type .
I Rich. OMT-type mineral soil (Oxalis Myrtillus) or corresponding swamp
1T Medium rich. MT-type (Myrtillus)
11T Medium barren. VT-type (Vaccinium)
IV Barren. CT-type (Calluna)
V. Very barren CIT-type (Cladina)
All statistics are percentage proportions of 61 sample plots.
30 Hame T.

estimation and measurement methods may be to set the
reference level with no needle loss. To minimize the
subjectivity, the loss was estimated in three parts.

The degree of damage (dy,) for a plot was:

2 6a L)

(- — + "E. L)
_22] ba,
d = — 9
ta (n,+n) ©)
where

ba, is basal area of the stem of the tree i (mz/ha)
at breast height (1.3 m)

L, needle loss of the tree i
n number of trees in the circular plot
n number of trees in the relascope point

outside the circular plot

Basal area was used as the weighing factor since it is
relatively closely related to the tree crown area (Assman
1970).

The basic forest stand characteristics (development
class, site type, height) were estimated in the sample
plot. The number of stems per hectare was measured.
Table 5 shows that the Gremmeniella plots were on
more barren sites than the forests of the study area on
average (Table 2) and that the trees were young.

The plots were located on the satellite image by
comparing the plots that were marked on aerial
photographs to a three channel color infrared image
which was displayed on an RGB-monitor. The image
was constructed from the TMI85 image channels. The
nearest 4 to 11 pixels surrounding each plot were
selected from the Landsat image using a cursor. The
selected areas did not overlap. The resulting file was in
similar format to the file showing the manmade
changes. The intensity values were selected in the same
manner as were the intensities of Setl and Set2. Pure
pine plots only were accepted as ground truth for
damage interpretation because of the partial autumn
coloration in image TMI84.

A digital elevation model was purchased from the
National Board of Survey for a 5§ km by 10 km area. It
had been made by digitizing elevations of the basic
maps in a 50 m by 50 m grid. The contour interval in
the original data was 5 m. The model was available only
from one Gremmeniella plot area. The data were
changed from the vector to raster format, and rectified
to the uniform coordinate system using bilinear
interpolation in the resampling (Bernstein 1976). The
pixel size in the rectification was 20 meters. An
elevation model from the 1 : 200 000 road map was
utilized for output of the classification result. The
elevation interval in this data was 20 meters.

The study area was inside one of the most damaged
forest regions in Finland. Certainly, there were also
many other causes of damage, but they were minor
compared to the Gremmeniella.
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3.3.3 National Forest Inventory (NFI) data

Initial measurement of the NFI plots in the summer and
autumn of 1984 was made as a part of an experimental
survey for the eighth National Forest Inventory. In the
autumn of 1987, a second measurement was made just
for this study. The first measurement corresponded with
the eighth National Forest Inventory, except that some
measurements from the real National Forest Inventory
were left out.

The National Forest Inventory in Southern Finland
is a systematic cluster sampling. NFI sample plot
clusters are half-quadrangles in Southern Finland where
the study area occurred. The length of one side of a
half-quadrangle is 2050 m (Fig. 8). The distance
between the cluster corners was 8 km by 8 km in the
experimental inventory. Every cluster had 21 relascope
sample plots. The relascope factor 2 was used. The
variables measured or estimated in each plot were: 1)
plot identification data; 2) administrative data; 3) land
use, soil, and site variables; and 4) measurement data
from trees (Valtakunnan... 1986).

Plot data also included plot coordinates, the distance
and direction to the nearest stand boundary. In the field
plots were located using a compass and chain. If a shift
from the correct measurement line was noticed, the
amount and direction of the shift was recorded in the
field in such a way that computational corrections to
the coordinates of the plots could be made. The shift
from the line and distance to the stand boundary were
measured in 10-meter intervals.

In 1987, all plots were checked, and plots with other
than successional changes were remeasured (Hyy-
tidlan... 1987).

*

-

Fig. 8. Location of field plots in the Finnish National
Forest Inventory.
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The drain from the thinning cuttings was obtained in
two different ways: 1) the field crew measured the drain
directly by means of stumps; and 2) the basal area in
the thinning cut stands was remeasured in 1987, and the
drain was calculated by subtracting the remeasured
basal area from the previous measurement. The three
year growth was not taken into account.

The basal area for a plot was computed using
measurements from the principal plot and two auxiliary
plots. Auxiliary plots were located 20 meters from the
principal plot, and were placed within the same stand as
the principal plot. The measurements from the auxiliary
plots were used to better represent the basal area of the
stand surrounding the principal plot. When the final
basal area was calculated, each auxiliary plot had a
weight of 0.25. The principal plot was weighted as 0.50.
The weights were obtained by empirical experiments
(Tomppo 1988).

The deciduous shrubs were recorded only in the 1987
inventory. Thus, the presence of deciduous shrubs in
1984 was surmised during the 1987 field inventory. Both
the deciduous shrub removal and growth classes had
three categories according to the harmfulness of the
shrubs. In the deciduous shrub removal class, deciduous
species were registered only in three cases of 13
observations. In the shrub growth class, the main
deciduous species was white birch, (Betula pubescens
Ehrh.), on 13 of the 14 plots. The following statistics
describe the deciduous shrub growth class:

Mean Min. Max.
(m)

Height of the shrubs 1984 1.3 06 30
Height of the shrubs 1987 2. 1.6 40
Growth of the shrubs 1.2 0.5 1.7

The spectral intensity value for a NFI plot was obtained
by localizing the pixel nearest to the plot, and
calculating the value as a mean of five pixels; i.e. the
nearest pixel and the four full adjacent pixels shown by
the number 1 in the following diagram:

1
1
1

SO
(=R =]

The nearest pixel was localized using the map
coordinates of the plot and the map coordinates of the
pixels of the rectified imagery. The intensity data were
processed using SAS software.

The original distribution of the NFI plots to change
classes and unchanged forest was:
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Clear cut 21 plots
Thinning cut 41
Deciduous shrub growth 37
Deciduous shrub removal 19
Soil preparation 0
Gremmeniella damage 0
Storm damage 1
Other damage 2
Other change 8
No change 277
Total (principal plots) 406

Thus, almost one third of the field plots reflected some
change within the three year period. Not all changed
plots, however, could be used for statistical analyses
and parameter estimation for classification models due
to the following limitation criteria established for the
plots:

— the distance to the unchanged area must be equal to
or greater than 20 meters from the changed plots

— the distance to the closest stand boundary must be
equal to or greater than 30 meters from the
unchanged plots

— old basal area minus new basal area must be more
than zero square meters per hectare in the cut classes

— old basal area minus new basal area must be less
than 15 square meters per hectare in the thinning cut
class

— competition from deciduous shrubs must be at least
“slightly evident™ prior to their removal in the
deciduous shrub removal class

— competition from deciduous shrubs should be "not
evident” after the removal treatment in the deci-
duous shrub removal class

— competition by deciduous shrubs must be at least
“slightly evident” in the 1987 inventory in the
deciduous shrub growth class

— the intensities of all classes must be realistic. High
stem volume plots should not have intensities similar
to open areas, for instance.

The limiting distance criterion (20 meters) was placed
so low for the changed plots because of the small
number of plots in most change categories. This led to
very improbable intensities in some cases. The plots
with erroneous intensities were localized using correla-
tion diagrams of bitemporal red light and near infrared
radiation channels and eliminated from the analysis.
Because of the small number of plots, they could not be
divided into subgroups according to the date of the
change, although the date was estimated by the field
crew. The limitations are taken into account in Table 6.

The distance-based limitation criteria was placed
higher for the unchanged plots since there were more of
them. The objective was to avoid plot restriction
according to field content/intensity relations. The

Hame T.

o

Table 6. Statistics of the changed plots from the NFI data.

Type of change Soil type
Mineral soil land ~ Spruce swamp Pine swamp
Clear cuts 85.7 14.3 0.0 %
Thinning cuts 68.0 12.0 20.0 %
Dec. shrubs rem. 100.0 0.0 0.0 %
Dec. shrubs growth 100.0 0.0 0.0 %
Site type
Rich Medium rich Medium barren
Clear cuts 14.3 85.7 0.0 %
Thinning cuts 12.0 80.0 8.0 %
Dec. shrubs rem. 7.7 61.5 30.8 %
Dec. shrubs growth 7.1 71.4 14.3 %
Main tree species
Pine Spruce
Clear cuts 28.6 71.4 %
Thinning cuts 60.0 40.0 %
Dec. shrubs rem. 92.3 7.7 %
Dec. shrubs growth 85.7 14.3 %
Age class
0—25 26—50 51—100  101—150 (years)
Clear cuts 0.0 0.0 100.0 0.0 %
Thinning cuts 4.0 16.0 68.0 12.0 %
Dec. shrubs rem. 100.0 0.0 0.0 0.0 %
Dec. shrubs growth  92.9 7.1 0.0 0.0 %
Volume class

0—25 26—50 51—100 101—150 151—200 (m?/ha)
Clear cuts 0.0 0.0 14.3 429 429 %
Thinning cuts 0.0 16.0 40.0 36.0 8.0 %
Dec. shrubs rem. 84.6 15.4 0.0 0.0 0.0 %
Dec. shrubs growth 100.0 0.0 0.0 0.0 0.0 %

Cutting drain class (difference of bitemporal basal areas)

0—5 6—10 11—I5

Clear cuts 0.0 0.0 28.6
Thinning cuts 36.0 48.0 16.0

16—20 21—25 26—30 (m%/ha)
286 286 143 %
0.0 0.0 0.0 %

Statistics are calculated from 7 clear cut, 25 thinning cut, 13 deciduous shrubs removal and 14 deciduous

shrubs growth plots.

selected 30 m distance was quite short when compared
to the accuracy of the rectification. A longer distance
was not possible due to lack of data.

The unchanged plots were divided into two cate-
gories for intensity value analysis according to the stem
volume (PNFI in Table 4). The volume limit, 40 m3/ha,
was the lowest possible which would allow a larger
number of plots in the lower volume category — 28
lower volume and 89 higher volume plots (total 117).
Furthermore, for classifications and their testing, the
unchanged plots were divided geographically into two
parts: a northern half for model parameter estimation
(11 lower and 41 higher volume category plots, or a
total of 52 plots) and a southern half for testing. This
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simple division was considered adequate since the study
area was large and had similar forest conditions. The
relationship between plots used for model construction
and testing was also not so close as the case would have
been if every second plot had been used for model
construction and the rest of the plots for testing. A
north-south division was chosen instead of east-west,
because Spot imagery had radiometric problems in the
east-west direction (Courtois 1988).

Finally, the unchanged plots of the southern part
were used for testing without stand boundary distance
limitations because the preliminary testings indicated
that classification results of the unchanged plots were
similar whether the distance limitation was used or not.
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3.3.4 Topographical variables

Three types of topographical variables were used in the

study of the damage:

1) absolute elevation from sea level (digital terrain
model)

2) normalized squared magnitude of elevation gradient

(€3]

3) local elevation

The elevation gradient and the local elevation were
calculated to study if Gremmeniella damage often
occurs in lower parts of slopes and depressions
(Kurkela 1984b). The quantity g, characterizing the
slope, was computed:

Y|2 + y22
g=

== (10)
3(x;—m)

where )
x; is an elevation value of a pixel in a 3x3 pixel
window and the x;’s are located in the win-
dow in the following way

X 5 X
XA XS X6
2 5% %
2x;
m="g

y|=xl+2x2+x3—x7—2x8—x9
Y, =X, F 2%, + X, = X3 — 2X, — X

The purpose of dividing by X(x; — m)? (i.e. “normaliz-
ing”) is to increase the response from pixels with small
intensity differences in homogeneous areas.

The local elevation (le) for each pixel was calculated
using Formula (11) (Rauste 1983):

le=x —m+a (11)
where )
X, is elevation value of the center pixel of
2% the used window (5 x S pixels)
g xl
m= I_215 value of the mean filtered elevation

image in center of the used 5 x 5
(1 ha) pixels window

offset factor used to avoid negative
values of le; a = 100 was applied.

»

3.4 Spectroradiometer measurements

The objectives of the spectroradiometer measurements
were 1) to study how Gremmeniella abietina (Lagerb.)
damage changes the spectral reflectance of Scots pine
needles and 2) to investigate the relationship between
needle biomass and reflectance.
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The seedlings were originally acquired to study the
chemical and physiological effects of the Gremmeniella
damage, alone or combined with frost damage
(Department for Forest Protection, Finnish Forest
Research Institute). The seedlings were of mid-Finnish
origin. The seeds had been sown in spring 1984 in paper
pots which were placed in plastic boxes. Each box
originally had 15 seedlings. In January 1985, the boxes
were placed in growth chambers or kept in a
greenhouse. Daytime temperature in the growth
chambers was over 15°C. Night temperature was
between 5 and 10 °C. Some of the growth chamber
seedlings were submitted to frost damage after their
shoots had started to grow. During the frost treatment,
the temperature was decreased from —3 to —5°C.
Furthermore, in May-June 1985, some of the boxes
were inoculated with a conidial suspension of Gremme-
niella. Thus, four categories of seedlings were created as
shown in Table 7.

Table 7. Needle categories in spectroradiometer mea-
surements for Gremmeniella damage.

Gremmeniella Frost treatment Tot
No Yes

No 20 4 24

Yes 19 4 23

Total 39 8 47

Fig. 9. Organization of spectroradiometer measure-
ments.

Hime T.

After the inoculation the boxes were removed outside
where they remained until the day of the measurements.

Spectroradiometer measurements were taken on 17
and 18 May 1986. The measurements were made in a
room without windows. The only light source was a 500
W daylight lamp. The spectroradiometer was fixed
directly over a black-painted, water-filled plastic dish.
On the dish was a clear glass plate. This background
was as ideal an absorber of visible light and near
infrared radiation as possible. In the middle of the glass
plate was a 6.7 cm x 6.7 cm measurement area (Fig. 9).
The other arrangements for the measurements were:

Spectroradiometer
— wavelength range: 400—1000 nm with 20 nm
bands
— distance between radiometer and sample: 37 cm
— measurement time: approximately 15 seconds

Irradiance
— lamp: Photolita 220 V, 500 W -E27 Type PF
218E/49
— distance from the sample: 70 cm
— elevation angle: 60 degrees

For all measurements, the needles were plucked from
the 1985 shoots. The 1986 shoots were missing from
many of the damaged seedlings. All samples were taken
in like manner. Needles were plucked from one to three

boxes until a heap two centimeters high was accumu-
lated on the glass plate.

Healthy seedlings only were selected for the needle
biomass measurements. First, the radiance from the
plain background was measured. Then, on the glass
plate, 0.5 g of fresh needles were weighed and their
radiance was measured. Sample weights of the needles
were always doubled, so that the subsequent samples
weighed 1.0 g, 2.0 g, 4.0 g, 8.0 g, 16.0 g, and 32.0 g,
which was the greatest amount of needles measured.
The needles in the smallest samples were spread so that
they covered as large a portion of the 6.7 cm x 6.7 cm
measurement area as possible. The 16.0 g sample
formed an approximately 2 cm high heap, which was
similar to the heap of the damaged needle measure-
ments. The measurement series was repeated four times,
i.e. the number of observations was 8§ x 4 = 32.

The measurements were accomplished immediately
after the needles were removed from the seedlings. The
time between the measurement and the needle removal
was 5 minutes maximum in biomass measurements. In
damaged needle measurements, the maximum time was
2 minutes.

The irradiance was measured indirectly from a box
filled with BaSO,4 powder, both in damaged needle and
biomass measurements. The box was placed on the
glass plate for the irradiance measurement after
approximately every sixth needle sample.

4. Data analysis

4.1 Image operations

The most versatile set of operations (Chart 2)
was made for image pair TMI84/TMISS5.
The results of the analyses were used for the
other image pairs. Basic operations were,
nevertheless, replicated onto image pair
TMI85/TMI86 to make sure that results
were not dependent on the images used, i.e.
on the seasonal aspect or atmosphere during
the image acquisition.

Many operations required the use of
channel means, standard deviations, and
covariance matrices. They were calculated
from a 1 percent systematic sample of the
image pixels. The intensity values of waters
were eliminated from channels TM4 and
TMS when the statistics were computed. In
TM4 and TMS5 channels, waters formed their
own peak in the histogram. The intensity
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values of clouds were also cut from the
TMIB6 image, as were the few exceptionally
high intensities from other images.

4.1.1 Difference channels

The difference channels were computed:

Y =Xy~ Xy T2 (12)
where
y is the difference vector
X original vector of channels at time t
X original vector of channels at time t — n
n) . :
a offset vector to avoid negative values. The

value of each element of a was 100.

The difference channels were computed both
by using direct subtraction and by calibrating
the intensities of image TMI84 to match
image TMI8S5. No matching was performed
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Chart 2. Spectral features in Tukey’s tests.

TMkyr Channel k (1—7) of a Landsat Thematic Mapper image. Optional yr stands for the last two digits
of the acquisition year of the image. It is used with all abbreviations but only when the context
does not tell the year.

SSk Channel k (1—3) of the Spot summer image.

Dk Difference channel k calculated from paired bitemporal channels without histogram matching.

DMk Difference channel k calculated with histogram matching.

Rkl Ratio feature from channels k and 1 of monotemporal TM image.

BitRk Ratio feature from bitemporal paired original channels k.

BitRMk Ratio feature from bitemporal matched channels k.

DTex Local variance channel of D3. Window size for variance calculation 3 x 3 pixels. Used only in
one final classification.

PCk K’th principal component computed from covariance matrix of a monotemporal TM image.

PCRk Kk’th principal component computed from correlation matrix of a monotemporal TM image.

BitPCk k’th principal component computed from covariance matrix of a merged bitemporal TM image
pair.

BitPCRk K’th principal component computed from correlation matrix of a merged bitemporal TM image
pair.

Cank K’th canonical variable computed from a merged bitemporal TM image pair.

on image pair TMI85/TMI86 since its
intensity value distributions were similar
without scaling.

Franssila et al. (1982) have used the
applied matching method originally to scale
images for digital mosaicking:

Yie = Gpp”Sc) " Ko T (M ~ My 875, ) (13)
where
Yie is scaled intensity of a pixel
Xpe intensity of a pixel of image c in
channel k

standard deviation of

intensities of master image b in
channel k

standard deviation of intensities of
image c to be scaled in channel k
m,, and m, are the _intqnsity means of the
respective images

Skb

Ske

The method assumes that intensity differen-
ces between images are due to different
irradiance and/or general differences in
atmospheric conditions. It is also assumed
that no large-area field changes have occur-
red between the dates of image acquisition.
For instance, clear cuttings cover only 1 to
1.5 percent of the forest area annually.

To compute the difference channels from
image pair TMI184/SSI87, the TMI84 intensi-
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ties were scaled using linear regression
analysis (Frank 1984, Vogelmann 1988):

SS,(87) = a, + b, TM, (84) + ¢, (14)
where
SS, is channel k in SSI87 image
TM channel k in TMI84 image
e residual of the model (difference
channel)

a, and by are parameters of the regression model

The regression method was applied to image
pair TMI84/SSI87 since the NFI plot data
were measured around the acquisition dates
of the two images. The model was calculated
from the intensities of the unchanged NFI
plots only. The residual values representing
the difference image were computed for all
pixels.

The corresponding Landsat and Spot chan-
nels did not fit very well in the visible area of
the spectrum. The coefficients of determina-
tion (R2) were 0.46 in the green light (TM2,
SS1), 0.56 in the red light (TM3, SS2), and
0.79 in the near infrared (TM4, SS3). The
reasons for the low coefficients of determina-
tion in the visible channels may be the
autumn aspect in the TMI84 image and the
three year time span between the images.

Hame T.

In intensity matching, transformation to
reflectance values (mentioned in Section
2.4.3) was not used because it is, so far, only
a partially understood problem.

4.1.2 Ratio channels

The values of the ratio channels were
calculated as a simple ratio of two features.
The value was a real number. The monotem-
poral ratio channels were computed:

Y = X /%) (15)

where
¥, is value of the channel ratio of a pixel
X, value of the channel k of a pixel
X, value of the channel | of a pixel

The bitemporal ratio channels were compu-
ted as:

¥ (t, t —n) =x, (t)/x, (t—n) (16)
where

Y, (t, t—n) is value of a pixel of a bitemporal
ratio channel k

X, (1) value of a pixel in channel k at
time t

X, (t—n) value of a pixel in channel k at time
t—n

4.1.3 Principal components

The principal component transformations
were calculated from monotemporal images
(nonthermal channels) and from combined

Table 8. Correlation coefficients between Landsat Thematic Mapper channels and first five principal components and
proportion of the total imagery variance included in the components. Bitemporal principal components, image pair

TMI84/TMIBS.
Channels Principal component axes
1 2 3 4 5
Cov. Cov. Cov. Cov. Cov.
Corr. Corr. Corr. Corr. Corr.
TM184 0.71 0.23 0.33 —0.34 —0.06
0.85 —0.01 —0.37 —0.09 0.21
TM284 0.79 0.13 0.39 —0.27 0.03
0.90 0.13 —0.32 —0.09 0.01
TM384 0.76 0.24 0.37 =0.32 —0.05
0.90 0.01 —0.36 —0.05 0.06
TM484 0.77 —0.33 0.38 0.15 0.37
0.69 0.61 0.07 —0.08 —0.34
TMS584 0.91 0.11 0.37 0.07 —0.14
0.91 0.25 —0.07 0.25 —0.06
TM784 0.86 0.22 0.36 —0.07 —0.18
0.91 0.12 —0.18 0.25 0.00
TMI85 0.74 0.39 —0.04 —0.04 0.16
0.87 —0.37 0.10 —0.19 —0.07
TM285 0.82 0.26 —0.04 —0.41 0.15
0.91 —0.23 0.16 —0.22 —0.04
TM385 0.73 0.47 —0.05 —0.40 0.18
0.86 —0.43 0.11 —0.12 —0.12
TM485 0.78 —0.60 —0.14 —0.07 —0.05
0.60 0.59 0.42 —0.21 0.25
TMS85 0.93 0.26 —0.24 0.11 0.01
0.87 —0.07 0.37 0.25 0.10
TM785 0.84 0.46 —0.17 —0.07 0.07
0.88 —0.29 0.24 0.21 0.01
Percent 72.1 15.3 6.9 23 1.9 Tot. 98.4
72.5 10.6 7.0 34 22 Tot.95.5
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bitemporal images (bitemporal nonthermal
channels) using both covariance and corre-
lation matrices.

Table 8 (p. 37) indicates that the first prin-
cipal component from the covariance matrix
was a positive sum of all channels, i.e. the
“brightness” of the image (upper row of
Table 8) (Kauth and Thomas 1976, Badhwar
and Henderson 1982). The second principal
component reflected the differences between
the visible and near infrared channels, and
the third reflected differences between the
two images when the components were
calculated from the covariance matrix. A
rough characterization of the remainder of
the components is difficult.

The content of the first two principal
components from the monotemporal images
was similar to the bitemporal principal
components, but the third component reflec-
ted the sum of the visible channels, and to
some extent the differences between TMS5
and other channels. Singh and Harrison
(1985) have found similar content in the first
two principal components from the Landsat
MSS data, as have Horler and Ahern (1986)
from the TM data. Also, Seal (1964) states
that, for most biological data sets, the first
component is the positive sum of the original
variables because most covariances are
positive.

If a correlation matrix was used (lower
row in Table 8), the weight of the visible
channels increased because, in the original
data, they had smaller deviations than the
near infrared and middle infrared channels.
The first component is still a positive sum of
the channels, but interpreting the second com-
ponent is difficult. The proportion of the
total variance, which is included in the
component, decreased more slowly when the
transformation was calculated from correla-
tion than from covariance matrix.

4.1.4 Canonical variables

The quantitative variables in canonical
discriminant analysis were the paired chan-
nels TM1, TM3, TM4, and TMS5 of image
pair TMI84/TMIBS5. Their intensities were
selected by the classes of the ground truth
data in Setl. Program CANAL of the
DISIMP (1987) software was used to make
the analysis. The disk space limited the
number of the input channels to eight.

38

4.2 Acquiring preliminary information
about class separability

4.2.1 Tukey’s studentized range tests

The paired intensity differences of the change
and reference class categories were analyzed
using Tukey’s studentized range tests. The
tests are meant to analyze all possible pairs
of means of samples. The following partial
hypotheses are tested simultaneously:

HO: p; = K;

HI" p, # K
where y; is the true mean of sample (class) i,
17#j,1, ) = l,..., p. p is the total number of
classes. Two means are considered significant-
ly different if (SAS Institute Inc. 1988, p.
596):

|m; —m,|
——]— glppN=p (17)

sV((1/n, + 1/n,)/2) -

where
2x,
kGSl
m,=—-, where

1
x, is the intensity mean of a spectral feature in
stand k (mean of 5 pixels in data set PNFI)
S, is the set of stands belonging to class i

n; the number of stands belonging to class i,
ie. the number of elements in S,

s the pooled standard deviation of the
intensities

q(a ; p, pN-p) is the a-level critical value of a
studentized range distribution of p
independent variables with pN-p degrees of
freedom. & = 5 percent was applied. N is
total number of stands.

The separation of different deciduous shrub
removal classes was not possible in Tukey’s
tests because of the small number of stands.

4.2.2 Experimental discriminant models

The experimental discriminant models were
computed to find the best set of spectral
features to separate the changes. Feature sets
were compared by testing how well the input
data fitted to the discriminant model. The
applied formula will be given in the Section
74.4.2 Maximum likelihood classifier”. The
experimental models included no reject class,
and the a priori probabilities of the classes
were equal. Chart 3 shows the feature sets
tested. The feature combinations were chosen
based on what was known about the spectral
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Chart 3. Tested features in the experimental discriminant models.

Monotemporal data

+ Orig84 Original channels TM1, TM3, TM4, TMS from TMI84
+ Orig85 Original channels TM1, TM3, TM4, TMS from TMI85
Bitemporal data
POl Paired original channels TM1
PO2 Paired original channels TM2
PO3 Paired original channels TM3
PO4 Paired original channels TM4
POS Paired original channels TMS
PO6 Paired original channels TM6
PO7 Paired original channels TM7
+ POSpot Paired original channels TM2, TM3, TM4
+ PO1345 Paired original channels TM1, TM3, TM4, TMS
+ PO1347 Paired original channels TM1, TM2, TM3, TM7
POVI Paired ch. TM3, TM4, TMS and paired ratio TM3/TM4
Dl Difference ch. from unmatched channels TM1
D2 Difference ch. from unmatched channels TM2
D3 Difference ch. from unmatched channels TM3
D4 Difference ch. from unmatched channels TM4
D5 Difference ch. from unmatched channels TM5
+ DUnM Difference ch. from unmatched non thermal TM channels
DMacth Difference ch. from matched non thermal TM channels

PRatBest  Paired ratio ch. TM1/TM3, TM3/TM4, TM1/TMS5, TM3/TMS
PRatWorst Paired ratio ch. TM2/TM3, TM3/TM4, TM3/TM5, TM4/TM5

RatD Diff. features R1385-R1384, R3485-R3484, R1585-R1584, R3585-R3584

DRat Ratio D1/D3, D3/D4, D1/D5, D3/D5

Miscell TM184, TM385, TM485, paired TMS, R2384, BitRM3, BitRM4

+ PPC123 Paired princ. comp. 1,
+ PPC124 Paired princ. comp. I,
+ PPC1234  Paired princ. comp. 1,

PPCVI Paired princ. comp. 1,

PPCR123  Paired princ. comp. 1,

2, 3 from covariance matrix

2, 4 from covariance matrix

2, 3, 4 from covariance matrix
3, 4 and paired ratio TM3/TM4

from correlation matrix

1,2,3
PPCR124 Paired princ. comp. 1, 2, 4 from correlation matrix
1,2,3,

PPCR1234 Paired princ. comp. 1,

4 from correlation matrix

BiTPC Bitemporal princ. comp. 1—5 from cov. matrix of merged TMI84
TMI8S5 data set. Non thermal TM channels

BiTPCR

Like BitPC but princ. comp. from correlation matrix

BiTCan Bitemporal canonical variables from merged
TMI84 TMIBS data set. Non thermal channels

+ Corresponding features have been tested in image pair TMI85/TMIS86, too.

properties of the vegetation and about the
relationships between channels. The results
of the Tukey’s tests obtained in the study
were utilized, too.

Because of their known close relationship
with vegetation and their quite low mutual
correlations (Table 9), bitemporal channels
TMI1, TM3, TM4, and either TMS or TM7
were selected when eight original channels
were used. (Correlation between TM1 and
TM3 is high, but lower than correlation
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Table 9. Correlation coefficients between channels of
image TMISS.

T™™1 TM2 TM3 TM4 TMS TM7

T™I 1.00

™2 091 1.00

T™M3 0.92 094 1.00

T™4Y 037 051 032 1.00

T™SY 075 079 077 059 1.00
™7 0.84 085 0.88 041 093 1.00

" Intensities of water closed out of computing.
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between TM2 and TM3). TM3, which is in
the chlorophyll absorption area and has a
close relationship with green biomass, and
TM4 which also reflects the amount of green
biomass, have been the two most important
wavelengths in vegetation interpretation (Ga-
tes 1970, Tucker 1979, Tucker 1980, Tucker
et al. 1975). It was determined that one
channel should also be chosen from the
middle infrared, the leaf water absorption
area (Gates 1970, Hopkins et al. 1988). TM5
had somewhat lower correlations with the
visible channels than did TM7.

The maximum number of features in the
experimental models was eight. The limit was
set because some classes had so few
observations that the required matrix opera-
tions could not have been calculated using a
greater number of independent variables.
Furthermore, regarding the classifications of
image data, the available disk space set the
limit to eight features.

4.3 Regression estimates

The drain in the thinning cuts was estimated
using the images TMI84 and SSI87. This pair
covered the time between the two field
measurements of the NFI. The NFI data
were used to estimate the drain because data
in the stand sets were less reliable.

The regression estimates were calculated
using two input data sets from PNFI. The
first set included 25 thinning cut plots and
the 65 unchanged plots from thinning-aged
stands. The second set covered the thinning
cut plots only. The estimation method was
regression analysis using SAS software with
the MAXR option. The method fits the best
one variable model, the best two variable
model and so on. Variables are switched so
that the R2-value is maximized. SAS uses the
least squares estimation (SAS Institute Inc.
1988).

Drain, the dependent variable, was obtain-
ed calculating the difference between the
stem basal areas in 1984 and 1987. Prelimina-
ry correlation analysis had shown that the
correlation between calculated drain and
spectral variables was higher than the
correlation between the measured drain and
spectral variables. The reason may be that
some stumps were unrecorded by the field
crew.

The number of independent variables was
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restricted to two due to the small number of
thinning cut plots. Similarly, the data set was
not divided into subpopulations by means of
age or tree species. Independent variable
groups were:

1) all original channels
2) difference channels without histogram matching
3) difference channels with histogram matching.

Damage was divided into two categories for
the classifications. The study also investiga-
ted whether the damage grade in these
categories could be estimated. A regression
analysis procedure similar to the drain
estimation was applied. The dependent
variable was the percent of damage on the
plot. The independent variables were the
three topography related variables and spect-
ral features. The analysis was made usin§
procedure REG with the maximum R
improvement technique of the SAS/STAT
software (SAS Institute Inc. 1988).

Several (1—5) Gremmeniella plots had
been measured within a same stand type
area; therefore, the following regression
model was also tested:

EDam=a+b,x, +bx,+ ... +bx +s+e (I8)

where
EDam is estimate for the degree of damage (%)
for a pixel
a intercept of the model
b, parameter for spectral feature k
X, value of a pixel in spectral feature k
s offset factor for the stand where the

pixel belongs
residual of the model
HO hypotheses were:

o

L a=0
Hy: b =0
H: between-stand variance of damage = 0

The model was a combined fixed effect and
random effect model, where the fixed effects
were the spectral features and the random
effects the stands. The number of separate
stands was 20 in the light damage category
which had 36 sample plots, and 15 in the
heavy damage category which had 25 plots
(24 were used in the regression analyses
because of exceptional intensity values in
TM185 in one plot). The analysis was made
using the GLM procedure of the SAS/STAT
software with the “random” option for a
variable that indicated the stand number of a
plot (SAS Institute Inc. 1988).

Using the formula from Kellomaki et al.
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(1980) for pine crown biomass estimation,
the damage percentages in the field inventory
were transformed into the damaged biomass.
The experiments, however, showed that the
original damage grade estimation method
was more suitable than the transformed.

4.4 Image classifications

Three supervised methods and one unsuper-
vised method were applied. The supervised
methods were the non-parametric parallel-
epiped classification (Lillesand and Kiefer
1987), the Euclidean distance classification,
whose only parameter is the class mean, and
the maximum likelihood classification (discri-
minant analysis using the generalized quadra-
tic discriminant functions). The classifica-
tions were tested using data which were not
included in the parameter estimation. Testing
was made for both original and post proces-
sed classifications. The unsupervised method
was non-parametric.

The first classification experiments were
performed using the parallelepiped classifi-
cation. The results were hampered by the
human restrictions to handle more than three
dimensional space and subjectivity in class
boundary selection. Thus, the parallelepiped
classifications were not continued after the
first experiments.

4.4.1 Euclidean distance classifier

In the Euclidean distance classification, the
intensity vectors are classified in the class to
which the Euclidean distance is shortest. The
pixel is classified as class ¢ for which the
discriminant function g. gets the highest
value:

g ®=x"m —05m m (19)
where
x is observation vector for a pixel

m_ mean vector for class ¢
The Euclidean distance classification did not
have any unclassified category or reject class;
all pixels were classified.

4.4.2 Maximum likelihood classifier

The ordinary maximum likelihood classifica-
tion method with equal a priori probabilities
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and the Bayesian approach with altering a
priori probabilities were applied. Both app-
roaches are later called the maximum
likelihood classification. The parameters of
the density function of the normal distri-
bution are calculated for all classes using the
mean vectors and covariance matrices of the
ground truth areas. The form of the density
function in the Bayesian maximum likeli-
hood classification is:

Pc

_ —1/2(x— mc)' s~ m)
- Q@myp2 |s |12 (20)
(4

£,00)

where
f.(x) is probability that observation vector x for
a pixel belongs to class ¢

P, a priori probability that a randomly
selected vector belongs to class ¢
m, the mean vector for class ¢
iy covariance matrix for class ¢
nch number of features (channels)

The a priori probability is an external factor
that affects a posteriori probabilities of the
vectors to be classified. The vector is placed
in the class where the a posteriori probability
is the highest, or to the reject class. The
optional threshold value controls whether the
vector is assigned to a real class or to the
reject class.

Two classification programs, SMAXLIX
and DAN, were used for the maximum
likelihood classifications. Both had been
developed at the Technical Research Centre
of Finland and were based on the DISIMP
software. SMAXLIK uses the output of the
SIGARE program of DISIMP whereas DAN
uses the SAS output. The final a posteriori
probability is calculated differently in the
two programs. SMAXLIX calculates the a
posteriori probabilities using only Formula
(20), but DAN divides the highest a posteriori
probability from Formula (20) by the sum of
all a posteriori probabilities for a certain
observation vector. Therefore, a quite low
unscaled a posteriori probability can turn out
high if the probabilities for other classes are
much smaller. The classification results with
both programs are identical if there is no
reject class.

The threshold value for the reject class is
the scaled a posteriori probability in the
DAN program. It is possible that vectors
which should be classified to the reject class
are classified to a real class if the ground
truth data does not represent well the
spectral variation in the image.
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In the SMAXLIK program, the threshold
value is a selected value of the quadratic
product. The product can be thought of as a
squared distance function measuring the
distance between the intensity vector and the
class mean as scaled and corrected for
variance and covariance of the class (Strahler
1980):

x=m)'s ' (x—m)<m,__  [xX(nch)] @1

where
a is  the significance level for the class ¢ or
probability that a vector really belonging
to class c is placed to the reject class.
a_ = 2% was applied for all classes and
in all classifications.
m,_ [x*(nch)]
i$ the upper (I — «) point of the x2 distri-
bution with nch degrees of freedom
For description of other terms, see Formula
(20).

If Formula (21) is not valid for any class,
the vector is placed in the reject class.

Differences in the SMAXLIK and DAN
programs were seen in water areas. Waters
without their own spectral classes were
assigned to the reject class by SMAXLIK,
but were assigned to the real classes by DAN
program. Possible differences in the forested
areas were not easily detectable since the
ground truth data covered the spectral
variation and the proportion of the reject
class was very low in all classifications.

If the a priori probabilities are used, the
classification results are not dependent only
on the spectral signatures of the classes. For
example, the a priori probabilities can be
proportional to the presumed areas of the
classes in the area to be classified, or they
can be calculated using the values of a
category variable or elevation data (Strahler
1980, Rauste 1983). The closer the a priori
probability is to the value one or zero, the
smaller is the effect of the spectral signature.

The a priori probability may be uniform
for a certain class or a function of the values
of a continuous external variable. Rauste
(1983) found that the general performance of
a land use/forest canopy type classification
increased by 8 percentage units when the a
priori probability for each pixel was a
function of the elevation gradient magnitude
of that pixel. The elevation gradient was
calculated from a digital terrain model. The
study area was in Southern Finland, and the
image data Landsat MSS.

Threshold values and a priori probabilities
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can be used to control the risk of misclassi-
fications. Variables with any distribution can
be combined to classifications if they are
used as “external” variables to change the a
priori probabilities.

The maximum likelihood classification is a
widely used method in remote sensing since
the spectral classes are usually assumed to
have a multinormal or nearly multinormal
distribution. The average probability for
incorrect classification is lower than with any
other method based on classification of a
single random vector if the intensities of the
classes have a multinormal distribution. The
maximum likelihood classification also gives
good results when the distributions are
nearly multinormal (Denissoff 1981).

The classification models were constructed
according to the results of Tukey’s tests and
experimental discriminant analysis. In classifi-
cations for Landsat TM images, the mean
vectors and covariance matrices for classes
were calculated using all the pixels falling in
the stands sampled to the model construc-
tion.

The parameters of the TM/Spot classifica-
tion models were computed using NFI data,
which included the mean values of the five
pixels surrounding the plot. The type of
ground truth caused the number of pixels per
class in the TM/Spot classifications to be
considerably lower than in the TM/TM
classifications. Given the restrictions descri-
bed in Section 3.3.3, changed plots, where
the distance to the unchanged forest was at
least 20 meters, were accepted in the model.

The histogram matching method, which
was based on means and standard deviations
of images (Franssila et al. 1982) (Formula
13), was applied to test if the class statistics
could be transferred to new images. The
TMI84 and TMIB6 images were calibrated
similarly to the TMI85 image. Then, the
mean vectors and covariance matrices were
calculated from image pair TMI84/TMI8S.
Image pair TMI85/TMI86 was classified
using these statistics.

The TM/TM classifications were made
with the SMAXLIK and the TM/Spot
classifications with the DAN program.

4.4.3 Unsupervised method

Clustering was used to test a different
approach from the parametric supervised
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methods. The aim was also to find out how
representative was the training data for the
supervised classification. To fulfil the requi-
rement for dissimilarity, a non-parametric
method was selected from among many
different clustering methods.

The scheme for the selected unsupervised
method was presented by Narendra and
Goldberg (1977), and it has been developed
further by Wharton (1983) and Rouge (1987).
The method is based on the clustering of the
multidimensional histogram or frequency
table of the image to be classified. The
method has the following steps:

1) The frequency values are linked to neighboring values
which have the maximum frequency so that no cycles
result. The local maxima members of the frequency
table are not linked to any pixel. The co-linked
members define the class.

2) Individual labels are assigned to the formed trees or
classes. A look-up table is made to show which
intensity values of the spectral features correspond to
the frequency values.

3) Each pixel of the image is classified according to the
look-up table.

The number of formed classes and their
content can be controlled only by changing
the input features and their scaling. How-
ever, the number of output classes can be
controlled using a single parameter that tells
the required minimum modal frequency
value of each class. Classes having modal
frequency values lower than the value of the
parameter are combined into the reject class.

Chart 4. Classifications made and tested.

The algorithm is not sensitive to the
absolute intensity values because the classes
are determined as clusters in the frequency
table. Instead, it is sensitive to the intensity
range of the input features. If one input
feature has a wider dynamic range than
others, it often dominates the class forma-
tion. Of course, the domination depends
mainly on the distribution of the feature.

The whole n-dimensional histogram had
to be in the central memory (6 MB) of the
computer (VAX 11/750). That is why the
number of features and/or intensity values
had to be limited. A compromise between the
two methods was made to limit the size of
the table. Only three features were used, and
the number of intensity values per channel
was limited to 30. Values were scaled so that
all waters were set to a single value if they
formed their own peak in the histogram of
the feature. Two percent of the highest values
of the cumulative histogram were also
combined to a single value. The rest of the
values were set by means of a linear scaling.
The intensity range of the red light channel
was somewhat increased while the intensity
ranges of the near and middle infrared
channels were decreased. That was done to
increase the weight of the red light range in
the clustering. The whole image area, 40 km
by 40 km, was clustered.

4.4.4 Testing of classifications

Chart 4 summarizes the supervised classifi-

Name

Images

Classification

Features A priori Modal  Statistics Testing
method probab. filt.
Euclidean TMI84/TMI8S  euclid. dist  original  not avail. no Setl+Dam  Setl+Dam
MLOrigEq TMIB4/TMI8S  max. likelih. original  equal no Setl+Dam Setl+Dam
MLOrigAlt TMI84/TMI8S  max. likelih. original  altering no Setl+Dam  Setl+Dam
MLOrigAltF TMI84/TMI85  max. likelih. original  altering  yes Setl+Dam Setl+Dam
MLDIiffEq TMI84/TMI85  max. likelih.  differ. equal no Setl+Dam  Setl+Dam
MLDIffEqF TMI84/TMI8S  max. likelih. differ. equal yes Setl+Dam  Setl+Dam
MLDiffTriEq TMI84/85/86 max. likelih.  differ. equal no Setl+Dam  Setl+Dam
MLDiffTexEq ~ TMI84/TMI85  max. likelih. diff.+var. equal no Setl+Dam  Setl+Dam
Euclidean TMI8S/TMI86  euclid. dist.  original  not avail. no Set2+Dam Set2+Dam
MLOrigEq TMI8S/TMI86  max. likelih. original  equal no Set2+Dam Set2+Dam
MLOrigAlt TMIB5/TMI86  max. likelih. original altering no Set2+Dam Set2+Dam
MLDiffEq TMIBS/TMI86  max. likelih. differ. equal no Set2+Dam Set2+Dam
MLOrigTraAlt'! TMI8S/TMI86  max. likelih. original  altering no Set2+Dam Set2+Dam
MLOrigEq TMI84/SS187 max. likelih. original  equal no PNFI Setl,2+Dam, PNFI
MLOrigAlt TMIB4/SS187 max. likelih. original altering no PNFI Setl,2+Dam, PNFI

n Classification statistics from image pair TMI84/TMISS.
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cations made and lists the data sets used in
model construction and testing. When the
test data set consisted of stand type areas
(Setl, Set2, and Dam), the class distribution
within each stand was calculated. The modal
or most frequent class of the stand was
considered the interpretation result.

Two classifications, MLOrigAltF and ML-
DiffEqF, were post-processed using filtering
by image segments. After the filtering, the
modal class within each stand was computed
as in the testing of pixel by pixel classifica-
tions.

The NFI data-based classifications were
tested using stands and plots. The stands of
Setl and Set2, and plots of damage data,
were the changed data. The unchanged NFI
plots were the unchanged data. The class for
a NFI plot was the modal class of the 3x3
pixel window surrounding the plot.

Only stands and plots with intensities not
used to estimate the parameters for the
spectral classification models were employed
for all tests.

4.5 Image segmentation

Image segmentation was utilized to reduce
the impact of the noise and minor variation
in the image, and to extract the changed
areas as a whole. Also, because the classifi-
cation was performed pixel by pixel, the
segmentation brought spatial information
into the interpretation. The segmentation
was used for post-classification filtering. The
filtering windows were obtained from image
segmentation. The image to be filtered was
the pixel by pixel classification result. The
most frequent or modal class within each
segment was calculated, and a new image
was computed where the segments were filled
with their modal classes. The small adjacent
segments formed larger uniform areas, i.e.
the changed or unchanged areas.

Filtering of the intensities of the raw data
was tested before the classification was done.
This lead to relatively large changes in
proportions in class areas, when compared to
the pixel by pixel classification. Therefore,
the post-classification alternative was prefer-
red.

The segmentation method was originally
developed by Narendra and Goldberg (1980),
and developed further by Parmes and
Kuittinen (1988). The method uses an
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approach similar to the clustering described
in Section 4.4.3. However, the input features
in the image segmentation are spectral
instead of the frequency table which was
used in the clustering.

A user-defined threshold value e is
required to control the number of the
segments. Decreasing the threshold value
increases the number of segments, but does
not move the location of the boundaries,
which would result from the use of a higher
threshold value (Narendra and Goldberg
1980).

Narendra and Goldberg’s method uses a
region detection approach, but it also has
characteristics of the edge operation methods
which have been the other main approach to
segmentation. Their method avoids absolute
thresholds, however, and therefore yields
well-defined region boundaries even when
the transition from one region to the next is
slow and varying (Narendra and Goldberg
1980).

The segmentation has four phases (Parmes
and Kuittinen 1988):

1) Calculation of the maximum gradient magnitude
2(i,j) for the pixel (i,j) from a 3x 3 pixel window.

2(i,j) = max |a=§l:_l bé:_l M, (a,b)- I (i+a,j+b))

n
1

where
I is image matrix
nk number of channels
nl  number of boundary templates M (nl = 4).
The boundary templates M (concolution
matrices) were

=] —1—] 011 -1 0 1 —1-1 0
0 0 0 -1 0 1 -1 01 -1 0 1
1 11 —1—-1 0 -1 0 1 0 1 1

2) Calculation of the maximum difference between the
maximum gradient magnitude of the pixel and its
neighboring maximum gradient magnitudes, and
determination of the evident root and boundary

pixels.

d(i,j) = max (z(i,j) — z(i+a,j+b)) (23)
ab=—1,1

If d(i,j) < —e: Pixel is an evident root pixel; no

linking.

If d(i,j) > e: Pixel is an evident boundary pixel;
linking to the neighboring pixel which has the
minimum value of the gradient magnitude.

Hame T.

3) Linking of the remaining pixels to the neighboring
pixels which have the minimum value of the
gradient magnitude so that no cycles are formed.
The linked pixels form the closed segments.

4) Giving individual labels to the formed trees or
segments.

The best segmentation results were achieved
when the input features were bitemporal
TM3 channels and channel TM4 from the
later image. Using bitemporal data, finding
the normal stand boundaries and the boun-
daries of the changed regions was attempted.
The near infrared channel TM4 extracted
regions according to the proportion of

deciduous trees and by the site type. Before
the segmentation, the means of all three
channels were scaled to 100, and the
standard deviations of the intensities to 30.
The segments would have been extracted
nearly according to the intensities of the
as root, boundary, or intermediate pixel
according to the channel which happened to
have the maximum difference of gradient
magnitudes.

The threshold value e was set so low that
the mean size of the resulting segments was
on average only nine pixels. The boundaries
of minor changes would not have been discer-
ned if higher threshold values had been used.

S. Results of intensity value analyses
and classifications

5.1 Spectroradiometer measurements

The healthy needles were dark green and on
average 7 cm long. The needles damaged by
the Gremmeniella were grayish brown,
usually shorter than the healthy ones, and
had turned nearly woody. The frost needles
from seedlings that were also inoculated
with the Gremmeniella were reddish brown
and short, only 2.5 to 3.0 cm long. They
were soft, not woody. Thus, the texture of
the needle heap damaged by frost plus
Gremmeniella was different from the texture
of the non-frost heap. The needles from
plants with frost treatment, but without
Gremmeniella inoculation, did not look as
heavily damaged.

The radiance measured from the BaSOy4
box was transformed to irradiance (Sauk-
kola 1983). The reflectance factors for every
20 nm wavelength channel were calculated
as the ratio of the sample radiance and the
irradiance. The reflectance factor data were
analyzed using the General Linear Model
Procedure (GLM) for unbalanced ANOVA
of the SAS statistical software. The testing
was done using a fixed effects model of a
factor experiment. A single spectral measure-
ment of a spectral channel can be expressed
as:
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Rijk =u+ o + ﬁj + Vi + €ik (24)

where

Rijk is reflectance factor value of a single

measurement
" grand mean of all measured reflectances of
a spectral channel
a  main effect of the Gremmeniella damage
inlevela. ;i=1.2
lr)nain eﬁl'ect of the frost treatment in level
3 =12

Vi iteraction between Gremmeniella damage
and frost treatment
error term ; k = 1,47 (47 is the number of
reflectance measurements). ¢, is normally
distributed with zero mean. °

HO hypotheses were:
Lo =a,=0
Hﬂ: B,=B,=0
Hog Yu= 7= =1 =0

The null-hypotheses were tested using F-test
on each of the 30 spectral channels.

The type III square sum which is meant
for the unbalanced ANOVA (i.e. different
number of observations in different categori-
es) was computed for the tests (SAS Institute
Inc. 1988, p. 588). The ordinary method to
calculate the square sum in the variance
analysis gave test results similar to the type
IIT square sum. There were some differences,
and in all cases the type I square sum would
have given a higher F-value.
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Fig. 10. a) Means of reflectance factors of damaged and healthy Pinus sylvestris L. needles. b) Standard deviation of

reflectance factors.

The Gremmeniella damage increased the
visible light reflectance, but decreased the
near infrared reflectance (Fig. 10a and b).
According to the results of the variance
analysis, the damaged needles differed from
the healthy, mostly in the red light range
(Fig. 11). Note that the F-value peaks at

F-value

160 :

20 i ) J H

| 1 [1i.1

400 500 00 700 800 900 1000
Wavelength (nm)

Fig. 11. F-values and rejection of HO: means equal.
ANOVA to spectroradiometer measurements.
Groups: Healthy needles, damaged needles. Bars re-
present the center of the 20 nm wavelength area.
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480—500 nm and 680—700 nm are at longer
wavelengths than the absorption maximum
of chlorophylls and other plant pigments
(Gates 1970).

The greatest individual differences in the
reflectance were found in the near infrared
range where the variation was largest. The
frost damage alone may have an effect on the
reflectance of red light 640—660 nm (*),
660—680 nm (**), 680—700 (**), and on the
shorter near infrared wavelengths 740—760
nm (*), 760—780 nm (*), 780—800 nm (*).
There seems to be a interaction between the
Gremmeniella and frost damage on the blue
and green light range 420—440 nm (**),
520—540 nm (*) and 540—560 nm (*).

The biomass measurements showed that,
when the biomass increased, the values of the
reflectance factor in the near infrared
increased much more steeply than the
reflectance in the visible range (Fig. 12a and
b). The reflectance of the 0.5 g sample
compared to the reflectances of the 32 g
sample was over 0.6 in the blue light and red

Hime T.
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Fig. 12. Reflectance factor vs. needle biomass. Spectroradiometer measurements. a) Visible channels. b) Near

infrared channel.

light channels, approximately 0.4 in the green
light channel, but only 0.2 in the near
infrared channel.

Near infrared reflectance increased during
the measurement series. By the 32.0 g sample
measurement, the increase appeared to be
more even. The heap was probably so thick
that only a small proportion of the radiation
could reach the lowest layers of the heap and
go through the whole heap. The visible light
does not penetrate as well as the near infra-
red radiation. The green light reflectance in-
creased up to the 8.0 g biomass (Ln(Biomass
+1) = 2.2), and the blue and red light
reflectances increased up to the 4.0 g biomass
(Ln(Biomass +1) = 1.6). A regression model
was computed to estimate the near infrared
reflectance (Refl(NIRgg0_—_820 nm)):

Refl(NIR

500820 nm) = 3-27 1 8.89 x Ln(Biomass+1) (25)
*%

*kk

Asterisks under the function show the signi-
ficance of the parameters. The number of
observations was 32 and the coefficient of
determination R2 = 0.90. The reflectance,
and not the needle mass was the dependent
variable, since the applied estimation reflects
the true situation: biomass causes a certain
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reflectance. If the aim had been to construct
a model to estimate the biomass, the
dependent and independent variables should
have been interchanged. In this case, the aim
was to obtain more information about the
spectral properties of conifers.

5.2 Spectral properties of changes
5.2.1 Drain estimation in thinning cuttings

Near infrared intensities seem to decrease
when the drain from thinning cuttings
increases, but the relationship is weak (Table
10, Fig. 13). The estimation of the drain
(EDrain) succeeded modestly if thinning cut
plots only were accepted to the model
(Formula 26, Fig. 14):

EDrain = 16.87 + 1.28 x (SS2-TM384)

*kk *

— 0.74 x (SS3-TM484) (26)

*%

The R = 0.39. The model was computed
using 25 observations. The difference chan-
nels were computed without histogram
matching. The drain estimation did not
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Table 10. Drain and spectral variables. HO: r = 0.

Corr. with drain ~ HO:rej.

Variable Mean Std. dev. Minimum Maximum
Drain, (m*/ha) 7.6 3.62 1.0 14.0
SS1 274 125 25.2 30.0
SS2 14.7 1.39 12.4 18.4
SS3 42.0 4.58 324 49.8
DGreen 10.6 1.06 9.0 13.2
DRed 1.1 1.26 =12 4.8
DNIR 14.6 2.98 11.0 21.6
MDGreen 0.7 1.13 —~1.2 3.5
MDRed 2.0 1.24 —0.2 5.6
MDNIR 0.9 3.73 —5.4 8.1

1.00

—0.08
0.10
—0.36

0.04
0.25
—0.46 e

—0.06
0.25
—0.33

Total of 25 observations.

DNIR
22

20

0 2 4 6 8 10 12 14
Drain, (m%ha)

Fig. 13. Near infrared difference (SS387 — TM484) vs.
drain from PNFI data.

Residual
Shushblite-nusuone
>
>
>

succeed, when the uncut plots were included
in the model (R2 = 0.18). Also, the residual
of the model showed that separation of the
cut from uncut forest was not possible using
regression analysis. The channels of the best
model for all plots were the same as for the
cut plots only.

The drain estimation model for cut plots
with the original channels gave R2 = 0.23;
difference channels with the histogram match-
ing gave R2 = 0.26.

5.2.2 Damage grade estimation

Topographical data

The absolute elevation was the only topograp-
hical variable with significant correlation

Predicted drain, (m%ha)

Fig. 14. Residual of the best drain estimation model.
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Table 11. Damage and elevation variables. HO: r = 0.

Variable Mean Std. dev.

Minimum Maximum  Corr. with dam. ~ HO:rej.

Damage (%) 2.2 1149
Abs. h., (m) 166.2 7.78
Gradient 97.5 1229
Local h. (m) 0.1 0.85

17.0 64.2 1.00

153.3 179.1 —0.48 "
80.9 120.0 —0.07

~13 24 —0.21

Total of 33 observations.

160 170 180

Fig. 15. Damage vs. elevation from sea level.

with the damage grade (Table 11, Fig. 15).
The relationship was not actually linear;
rather, the damage was heavier in the lowest
elevations. Nor did the scatter diagrams
between damage and the two other topo-
graphical variables give any reason to try to
find non-linear relationships. Experimental
regression models, where the damage grade
was the dependent variable, and the three
topographical variables the independent vari-
ables, were computed, too. Still, the only
significant topographical variable was the
absolute elevation.

Correlations between damage grade and
spectral variables

Figures 16 and 17 and Tables 12 and 13
show why the damage was divided into two
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categories in spectral analyses and classi-
fications. Plots with a damage grade of under
30 percent formed the category called “light

10 20 30 40 50 60 70
Damage, (%)
Fig. 16. TM484 intensities vs. damage.

D4
19] .l . mean
17] | :

! o .
15 .« ot )

- -
- Lo . -
13 I - .
AT - -

10 20 30 40 50 60 70
Damage, (%)
Fig. 17. Near infrared difference (TM485 — TM484) vs.

damage. Dotted line shows the grand mean of the
difference channel.
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Table 12. Light damage, stand and spectral variables. HO: r = 0.

Variable Mean Std. dev. Minimum Maximum Corr. with dam. HO:rej.
Damage (%) 24.4 3.45 17.0 29.8 1.00
Age (ygcaxs) 29.6 20.60 18.0 129.0 0.27
Basal area (m?) 14.9 432 8.0 21.0 0.02
Diameter (cm) 11.9 3.19 79 23.2 0.40 .
Height (m) 9.1 2.64 5.0 18.0 0.36 »
Dens. (stems/ha) 888.9 696.02 500.0 3300.0 —0.30
TM384 13.8 0.62 12.8 15.1 0.00
TM484 31.0 297 24.0 358 —0.74 s
TM385 19.7 0.78 17.8 21.0 0.15
TM485 4.1 252 36.9 496 —041 *
TM386 18.6 1.22 16.5 21.7 0.30
TM486 49.4 2.89 41.9 555 —0.33 L
D3(TM385-TM384) 59 0.81 43 7.3 0.14
D4(TM485-TM484) 13.1 1.99 9.0 18.8 0.59 Ll
DS5(TM585-TM584) 16.1 221 10.8 214 0.28
D3(TM386-TM385) —1.0 0.78 -29 0.7 0.32 *
D4(TM486-TM485) 52 2.07 —0.9 8.5 0.03
D5(TM586-TM585) 5.1 3.78 —6.6 13.2 0.33 .
D3(TM386-TM384) 48 1.03 32 8.0 0.36 *
D4(TM486-TM484) 18.4 2.32 12.4 24.6 0.49 o
D5(TM586-TM584) 21.3 4.56 10.4 30.2 0.40 4.4
Total of 36 observations.
Table 13. Heavy damage, stand and spectral variables. HO: r = 0.
Variable Mean Std. dev. Minimum Maximum Corr. with dam. HO:rej.
Damage (%) 41.5 9.31 30.3 64.2 1.00
Age (ygea:s) 324 23.55 18.0 1270  —0.46 b
Basal area (m?) 13.0 5.18 7.0 300  —0.41 *
Diameter (cm) 12.1 3.48 7.3 180 —0.62 -
Height (m) 8.6 2.82 43 14.0 —0.50 L
Density (stems/ha) 1652.0 774.12 300.0 2800.0 0.21
TM384 14.5 1.62 12.6 20.4 —=0.11
TM484 29.7 2.15 25.5 33.8 —0.05
TM385 20.3 1.93 16.7 254 —0.13
TM485 43.7 3.30 38.6 49.9 —0.07
TM386 19.3 2.60 15.4 26.2 —0.28
TM486 49.7 4.54 41.6 59.1 —0.25
D3(TM385-TM384) 5.7 1.02 3.6 74 —0.08
D4(TM485-TM484) 14.0 2.56 7.8 18.7 —0.06
D5(TM585-TM584) 16.9 3.24 10.4 21.8 —0.12
D3(TM386-TM385) —1.0 1.13 =32 11 —0.41 ¥
D4(TM486-TM485) 6.0 232 0.4 10.2 =037
D5(TM586-TM585) 5.26 —=52 14.1 —0.42 *
D3(TM386-TM384) 48 1.47 24 7.8 —0.37
D4(TM486-TM484) 20.0 3.36 14.6 28.1 —0.30
D5(TM586-TM584) 23.0 7.51 10.4 36.0 —0.35
Total of 25 observations.
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damage”. Plots with a damage grade of 30
percent or higher formed the category called
“heavy damage”. With less than 30 percent
damage, there is a relatively high correlation
between the damage grade and intensities.
Above 30 percent, however, no clear relation-
ship exists. The probable reason is that when
the damage exceeds a certain level, the sparse
crown transmits radiation well. Thus, a
larger part of the reflected radiation comes
from the undergrowth. This increased inci-
dent radiation makes the undergrowth more
luxuriant, which tends to increase the near
infrared reflection (Hame 1988b). During
field visits to the heavily damaged stands,
vigorous herbaceous undergrowth was often
noticed.

To explain their different spectral beha-
vior, it was tested whether the two damage
categories had different stand variable va-
lues. Using ANOVA, the means of the stand
variables, "basal area”, ”diameter”, "height”,
and “density”, were compared in the two
categories. The null-hypothesis about the
similar means was not rejected in any test.

The relationship between the damage and
the spectral and stand variables was also
studied for the whole field data set (61
observations). Damage had the highest
correlation coefficient with TM484, r = 0.36.
The next highest correlation coefficient
occurred with basal area”, r = 0.32. The
correlations with damage and the site quality
types, “diameter”, “height”, and “density”,
were not significant. The correlation diagram
between damage and “basal area” indicated
that in the highest basal area plots the most
severe damage grades were missing. )

Figure 16 shows that not only the heavy
damage but also the light damage dated to
the earlier epidemic of 1982. Near infrared
intensities are lower for plots of about 30
percent damage than for plots of less than 20
percent damage. That relationship shows a
negative correlation coefficient in Table 12
between the damage and TM484. Note that
this correlation is higher than any correlation
between the damage and stand variables.

In image TMISS, the relationship between
the damage grade and the near infrared
radiation (TM485) is still inverse in the low
damage category, but the correlation coeffici-
ent is closer to zero. The correlation between
the damage grade and the near infrared
difference channel D4 (TM485-TM484) is
positive, and the intensities of the healthiest
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Fig. 18. Near infrared difference (TM486 — TM485) vs.
damage. Dotted line shows the grand mean of the
difference channel.

plots are furthest from the grand mean.
Thus, the change has been greatest in the
healthiest forests (Table 12, Fig. 17). The
healthiest plots have obviously been affected
by the damage for the first time in 1985,
whereas the less healthy were already
affected in 1982. The change is bigger
because they had more needles left during the
1985 epidemic than had the less healthy
plots. The near infrared change has barely
continued from TMI8S5 to TMI86 — at least
in the light damage category (Fig. 18).

The correlations between the damage grade
and spectral variables are low in the heavy
damage category. The correlations between
damage and the stand variables are higher in
heavy damage than in the light damage
category (Table 13). The trees on the less
healthy plots of the light damage category
were usually thicker and higher than the trees
on healthier plots. In the heavy damage
category, the less healthy plots had younger,
thinner, and shorter trees. In other words,
the smallest trees were at both ends of the
damage scale.

The D3 (TM386-TM385) and D5 (TM586-
TM585) have a positive correlation with
damage percent in the light damage category
(Table 12). The correlation coefficients sug-
gest that in image TMI8S, damaged needles,
still partially green, have absorbed red light.
In TMI86, the red light reflectance from the
bare branches was high.

In the heavy damage category, the nega-
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tive correlation coefficients (Table 13) points
to an improvement in the healthiest plots —
ie. new green shoots. The new shoots
covered the herbaceous undergrowth. This
also caused a negative correlation in the near
infrared range. It must be kept in mind,
however, that all correlation coefficients by
difference channels from image pair TMI86/
TMI8S are quite low.

The correlation coefficients between the
damage grade and image TMI86 channels
indicate that not the color of the needles but
the existence of the needles, needle mass, is
the main factor affecting the spectral proper-
ties.

Modeling intensities using stand data

The spectral variables were modeled with
stand data in order to know which part of
the intensity variation comes from the stand

Table 14. Regression models for spectral variables
using light damage plots. Difference channels
TMI85-TMI84. HO: a = 0 (a is coeffient for an
independent variable).

Dependent Best three Significance Total R*

variable independ of indk d
variables variables

TM184 Damage 0.24
Age
Density .

TM384 Age » 0.25
Basal area il
Diameter b

TM484 Damage L 0.66
Age *
Density

TM584 Density * 0.22
Diameter
Height

D1 Damage 0.32
Basal area b
Diameter o

D3 Basal area L] 0.25
Diameter
Height

D4 Damage bl 0.38
Basal area
Density

D5 Damage 0.12
Basal area
Density

Based on 36 observations.
52

variables and what the significance of
different variables is in modeling. Table 14
indicates that the modeling succeeded poorly
with the traditional stand variables if the
spectral data were from image TMI84. It also
shows how closely the TM4 intensities
depended on the damage grade. The coeffici-
ents of determination (R2) for image TMI85
features were similar to those for image
TMIB4. The exception was TM485 where R2
was only 0.32.

The figure changed dramatically if the
spectral variables were from image TMIS6.
For example, the following coefficients of
determination were obtained (light damage
category):

Dependent R’
variable

TM486 0.15
TMS586 0.57

(TM586 — TMS585) 0.67

The coefficients of determination for the
heavy damage plots were similar to the light
damage plots.

Generally, the best independent variables
in both damage categories were “density”
and “diameter”. Damage grade was only
significant for TM4. Note, however, that the
data did not include undamaged plots.

Modeling damage using intensity data

The best regression model for the light
damage (EDamL) was:

EDamL = 39.95 — 1.16 x TM484 + 0.46 x TM485
* *

ok *kk

27

R2 = 0.60. The model was computed using
36 observations. The best model for the
heavy damage (EDamH) was:

EDamH = —173.06 + 3.91 x TM185 —0.71 x TM586
* % (28)

R2 = 0.28. The model was computed using
24 observations.

Figures 19 and 20 present the residuals of
the models. The independent variables in the
light damage model show how the light
damage was a combination of 1982 and 1985
damage. The model for heavy damage may
reflect not the damage but the close

Hime T.
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Predicted damage, (%)

Fig. 19. Residual of the best light damage estimation model.

Predicted damage, (%)
Fig. 20. Residual of the best heavy damage estimation model.
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relationship between stand variables and
damage in high damage category.

The combined fixed and random effect
models without the stand-wise offset values
were:

EDamL = 36.89 — 0.97 x TM484 + 0.38 x TM485 (29)
EDamH = —164.54 + 3.16 x TM185 — 0.09 x TM586 (30)

The models are similar to those of the ordi-
nary regression analysis. The biggest diffe-
rence is in the multiplier for the TM586
channel in the heavy damage model (For-
mula 30). Testing of the independent variab-
les indicated that the use of the stand as a
random variable could not be justified. The
null hypothesis (between-stand variance in
damage = 0) was accepted in both damage
categories. The R2 values were much higher
than in the ordinary regression models but
that was due to the large number of inde-
pendent variables when compared to the
number of observations. Each stand was a
separate independent variable.

The red light range was not as useful as
the near infrared range in the estimation of
the damage grade. This does not necessarily
mean that the red light range would be poor
at discriminating the damaged forest from
the healthy. According to the spectroradio-
meter measurements, red light is very
sensitive to the color changes of the needles.
However, it may not tell as much about lost
needle mass because it does not penetrate
deep into the crown.

5.2.3 Tukey’s tests

Table 15 shows the summary of the Tukey’s
tests to image pair TMI84/TMIS8S. All class
pair combinations were tested. The contents
of the columns in Table 15 are:

Ist column — tested spectral feature

2nd column —number of all tested class pairs where the
means were considered significantly
different

3rd column — number of tested change/no change class
pairs where the means were considered
significantly different (change/change
and no change/no change class pairs
have been excluded)

4th column — number of tested change/reference class
pairs (e.g. thinning cut/thinning cut
reference) where the means were
considered significantly different
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Tables 16 and 17 show the corresponding
summaries for image pair TMI85/TMIB6
and image pair TMI84/SSI87. Complete
results are listed in Appendix 1.

In general, the original channels separated
the classes better than the transformed
features. Only the bitemporal principal
components from the correlation matrix
(BitPCRn) seemed to be as good as the
original channels of image TMI8S. The
difference channels calculated without image
histogram matching gave better results than
the difference channels calculated from the
matched images.

The matched difference channels were
clearly weaker in discriminating classes than
the unmatched channels if the classes had
high intensities, i.e. if the classes were located
on the edge of the histogram. Some results
suggested, however, that the matched diffe-
rence channels could better discriminate
classes located near the spectral mean than
could the unmatched channels. Such classes
were thinning cuts and damage.

The most important spectral ranges were
red light (TM3) and near infrared radiation
(TM4). The red light range was useful with
almost all change types. The near infrared
range could discriminate damage as well as
shrub removal and soil preparation classes
(TMI85/TMI86). The fourth principal com-
ponent of image TMI85 (PC485), which
described differences between the blue-green
light (TM1) and middle infrared radiation
(TM7), separated the light damage class from
other classes better than any other single
feature in images TMI84 and TMIgS.

The green light difference channel, D2,
seemed to be better than all other difference
channels in image pair TMI84/TMIBS5. The
autumn coloration in image TMI84 may be
the reason. Autumn coloration changes the
intensities in the range of TM3 more than of
TM2 (Gates 1970). Thus, autumn coloration
disturbs the detection of the changes of
interest less in the green light than in the red
light range.

Ratio channels did not generally prove to
be useful because the monotemporal ratios
were weaker than the monotemporal original
channels, and the bitemporal ratios were
weaker than the difference channels. How-
ever, the ratio of visible light channels and
the red/near infrared ratio seemed to
separate light damage from the heavy. The
near infrared/middle infrared (R4584 and

Hime T.

Table 15. Summary of Tukey’s studentized range test to image pair TMI84/

TMIBS. Description of spectral features in Chart 2.
Spectral No. of significant differences Spectral No. of significant differences
feature feature
All Change/ Change/ All Change/ Change/
class no change own ref. class no change own ref.
pairs pairs class pairs pairs class
pairs pairs
TM184 21 13 0 R1384 23 13 0
TM284 24 13 0 R2384 23 14. 0
TM384 22 13 0 R3484 23 13 0
TM484 21 13 0 R1584 24 13 0
TM584 22 13 0 R3584 24 13 0
TM684 23 13 0 R4584 22 13 0
TM784 23 14 0
R1385 25 14 1
TM185 23 14 1 R2385 21 12 1
TM285 23 14 1 R3485 22 14 2
TM385 25 14 1 R1585 22 13 1
TM485 16 11 2 R3585 19 12 1
TMS85 25 14 1 R4585 19 11 1
TM685 24 13 1
TM785 26 15 1 BitR1 10 5 1
BitR2 12 5 1
PC184 24 13 0 BitR3 18 10 2
PC284 20 12 0 BitR4 15 10 1
PC384 10 7 0 BitRS 12 7 1
PC484 6 4 0 BitR7 12 7 1
PC584 14 8 0
PC684 2 2 0 BitRM1 9 4 1
BitRM2 14 6 1
PC185 23 13 1 BitRM3 19 10 2
PC285 20 12 2 BitRM4 14 8 1
PC385 11 6 2 BitRM5 10 § 1
PC485 23 13 1 BitRM7 14 8 1
PC585 10 5 1
PC685 20 12 1 D3/D4 21 13 2
PCR184 24 13 0 BitPC1 22 13 1
PCR284 18 11 0 BitPC2 18 10 1
PCR384 20 13 0 BitPC3 11 4 1
PCR484 23 13 0 BitPC4 2 2 1
PCR584 24 13 0 BitPC5 12 8 1
PCR684 21 13 0 BitPC6 7 4 0
PCRI185 23 14 1 BitPCR1 24 14 1
PCR285 15 10 2 BitPCR2 25 16 2
PCR385 21 12 1 BitPCR3 25 14 1
PCR485 21 12 1 BitPCR4 23 14 1
PCRS585 14 11 0 BitPCRS 25 14 1
PCR685 23 14 1 BitPCR6 17 9 1
D1 13 7 1 Canl 19 10 1
D2 23 12 1 Can2 23 14 0
D3 18 9 1 Can3 20 15 2
D4 16 9 2 Cand 12 8 1
D5 17 9 1 Can5 8 6 1
D7 20 10 1 Can6 23 13 1
DM1 9 4 1
DM2 14 6 1
DM3 18 9 2 No. of
DM4 14 9 1 tested
DMS 12 6 1 class
DM?7 15 7 1 pairs 39 24 4

Data: Set] + Dam
No. of observations: 256

No. of classes:
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Table 16. Summary of Tukey’s studentized range test
to image pair TMI85/TMI86. Description of spectral
features in Chart 2.

Table 17. Summary of Tukey’s studentized range test
to image pair TMI84/SSI87. Description of spectral
features in Chart 2.

Spectral No. of significant differences
featire All Change/ Change/
class no change own ref.
pairs pairs class
pairs
TM185 27 18 0
TM285 23 15 0
TM385 28 19 1
TM485 14 9 0
TMS585 23 15 0
TM685 18 14 0
TM785 26 18 0
TM186 26 17 2
TM286 28 19 2
TM386 27 16 2
TM486 15 10 0
TMS586 28 19 2
TM686 22 16 3
TM786 29 20 2
PC185 23 15 0
PC285 15 10 0
PC385 2 2 0
PC485 16 10 0
PC585 5 4 1
PC685 15 10 1
PC186 26 17 1
PC286 24 18 3
PC386 1 1 0
PC486 15 10 1
PC586 16 10 0
PC686 11 6 1
D1 12 6 1
D2 16 10 4
D3 22 14 5
D4 13 8 1
D5 13 7 1
D6 14 7 1
D7 14 7 1
No. of
tested
class
pairs 45 30 5

Data: Set2, Dam (14 light damage and 15 heavy damage plots), from Set!
21 stands where the thinning cutting had been made between images
TMI84 and TMISS.

No. of observations: 201

No. of classes: 11

R4585) ratio, which should separate damage
well (Vogelmann and Rock 1986), was not
effective.

Test results of image pair TMI85/TMI86
were similar to the earlier pair, but better.
For example, the thinning cuts were separa-
ted from their reference class, as well as from
earlier thinning cuts, much better in image

56

Spectral No. of significant differences
featirre All Change/
class no change
pairs pairs
TM185 9 4
TM384 10 5
TM484 10 6
SS1 11 7
SS2 12 7
SS3 9 5
DGreen 9 6
DRed 10 5
DNIR 10 5
DMGreen 7 4
DMRed 10 5
DMNIR 8 4
No. of
tested
class
pairs 14 8
Data: PNFI

No. of observations: 176
No. of classes: 6

pair TMIBS5/TMI86 than in the TMI84/
TMIRS pair.

Tukey’s tests were also performed on
image pair TMI85/SWI87. The main objec-
tive was to find out whether the thinning cuts
could be separated from their reference class
using a winter image. The only available
unchanged forest class was the stands from
Setl, where the thinning cuts were made
before the acquisition date of image TMISS5.
Preliminary tests to image pair TMI85/
TMIB6 had indicated, that the earlier cuts
gave similar intensity values to the ’’real”
unchanged classes. The tested features were
the original channels and difference channels
calculated without histogram matching.

The winter image seemed to separate gene-
rally only open or nearly open classes from
the classes with tree cover. The differences
between the means were often big, but the
deviations were big, too. Thinning cuts were
not separated.

A general result of all Tukey’s tests was
that only clear cuts could be distinctly discri-
minated from all other classes using a single
feature. Note that due to the large number of
single tests there is a danger of type I errors;
i.e. rejecting true null-hypotheses.

Hime T.

5.2.4 Experimental discriminant models

The comparisons of the experimental discri-
minant models verified the results of Tukey’s
tests. The paired original channels (PO) gave
results at least as good as the transformed
features (Tables 18 and 19). The first
percentage number in the tables is the
proportion of the input samples which were
assigned to their true class. The second
column describes how well the changed and
unchanged classes are separated from each
other. The low percentage in the second
column means that the change classes also
include a lot of unchanged forest.

It must be kept in mind that the
percentages in the tables should only be
compared with the other percentages in the
same table because they are based on the
input data. The proportions of the classes in
the input data were also far from the true
proportions in the field.

Three paired principal components plus
paired vegetation index features (PPCVI) and
paired four ratio channels (PRatBest) yield
similar results to the four paired channels as
well as to the four paired principal compo-
nents PPC1234 and PPCR1234. The princi-
pal component transformations could not,
however, be used to compress the data,
which is their basic purpose. Three paired
principal components gave poorer results
than three paired original channels. The
bitemporal operations, BitPC, BitPCR, and
BitCan, gave results similar to the three
paired principal components.

Variable set Miscell, which included the
best original and ratio channels, was some-
what poorer than the paired original chan-
nels only. The result of the Tukey’s tests
(that the ratio channels would better separate
thinning cuts from damage as well as damage
classes from each other than the original
channels) was probably due to two wave-
length areas involved with the ratio channels.
When multivariable spectral data was proces-
sed, the ratio channels were no longer useful.

The results also suggest that Landsat
Thematic Mapper images would be better in
change interpretation than Spot images
because the spectral resolution of the Thema-
tic Mapper is higher. The paired “Spot”
channels (POSpot) TM2, TM3, and TM4
gave a somewhat weaker result than if the
blue-green light (TM1) and the middle
infrared radiation (TMS or TM7) were
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Table 18. Comparison of experimental discriminant
models to images TMI84 and TMISS. Description of
spectral features in Chart 3.

Feature set Overall Unchanged class.
performance to unchanged
% % of unch.

Monotemporal data
Orig84 54.8 63.3
Orig85 51.2 74.4

Bitemporal data
PO1 37.2 60.0
PO2 37.6 44.4
PO3 40.8 57.8
PO4 35.2 56.7
POS 38.4 433
PO6 34.4 23.3
PO7 37.2 35.6
POSpot 67.2 85.6
PO1345 74.8 87.8
PO1347 75.6 87.8
POVI 68.8 84.4
Dl 18.0 67.8
D2 28.0 4.4
D3 28.4 63.3
D4 284 289
D5 33.6 46.7
D7 30.4 22.2
DUnM 52.8 80.0
DMatch 46.0 77.8
PRatBest 70.0 86.7
PRatWorst 67.6 78.9
RatD 54.4 75.6
DRat 50.4 71.1
Miscell 70.4 84.4
PPC123 60.0 75.6
PPC124 61.6 78.9
PPC1234 73.6 85.6
PPCVI 74.8 87.8
PPCR123 64.0 77.0
PPCR124 64.0 83.3
PPCR1234 74.4 85.6
BiTPC 59.2 77.8
BiTPCR 57.6 733
BiTCan 63.2 77.8

Data: Setl + Dam
No. of obsevations: 250 of which 90 representing unchanged forest.
No. of classes: 9

included in the model.
The best spectral range was the red light
(PO3), and the second best was the near
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Table 19. Comparison of experimental discriminant
models to images TMI85 and TMI86. Description of
spectral features in Chart 3.

Feature set Overall Unchanged class
performance to unchanged
% % of unch.
Monotemporal data
Orig85 48.5 64.2
Orig86 515 737
Bitemporal data
POSpot 5.5 80.0
PO1345 81.1 88.4
PO1347 81.6 87.4
DUnM1345 54.1 80.0
PPC123 70.9 84.2
PPC124 74.0 86.3
PPC1234 78.1 88.4

Data: Set2, Dam (14 light damage and 15 heavy damage plots), from Setl
21 stands where the thinning cutting had been made between images
TMI84 and TMI8S.

No. of observations: 196 of which 95 representing unchanged forest.

No. of classes: 10

infrared (PO4). However, the classification
result was very poor, even for the input data
of the model, when only one wavelength area
was used.

The moderate result with monotemporal
features (Orig) and the much poorer overall
performance with difference channels
(DUnM) than with paired original channels
is also similar to the Tukey’s tests. The
explanation is that the classes were not just
change classes. They included different
canopy types. Again, the matched difference
channels (DMatch) gave a weaker result than
the unmatched.

The results from image pair TMI85/
TMI86 (Table 19) are surprisingly similar to
the results from the earlier pair. In the evalua-
tion of the results, the damage classes were
placed in the category of changed forest since
the damaged forests still showed some
change according to the results presented in
Section 5.2.2.

Closer study of the classification result of
the input data for TMI84/SSI87 classification
suggested that the histogram matching, using
regression analysis, helped to separate thinn-
ing cuts from unchanged forest, but made the
classification results of the shrub removal
and shrub growth classes poorer. Table 20
has the summary.
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Table 20. Comparison of experimental discriminant
models to images TMI84 and SSI87.

Feature set Overall Unchanged class.
performance to unchanged
% % of unch.
Bitemporal data
PORNIR 65.8 82.7
POSpot 70.3 76.9
DUnM 62.2 65.4
DMatch 56.8 76.9

PORNIR Paired original red light (TM3, SS2) and near infrared
(TM4, SS3) channels

POSpot  Paired original channels (TM2, SSI and TM3, SS2 and TM4,
SS3;

DUnM  Difference channels from paired original channels

DMatch Di from hed paired

Data: PNFI

No. of observations: 111 of which 52 representing unchanged forest
No. of classes: 6

5.2.5 Properties as a function of time

Figures 21a and b and 22a and b describe
how the intensities of the different data sets
have changed during the three year period
from the first Landsat image TMI84 to the
last Spot image SSI87. The stands which had
been used to calculate the statistics for the
classifications were also used to compute the
intensities for Figures 21 and 22. The
calculation unit was a single pixel. The
plotted values are the means of the classes.
The intensities are standardized by subtract-
ing the mean of each channel from the class
mean. Thus, a positive intensity reflects that
the class intensity is above the mean. A
negative is under the mean.

Due to the large number of pixels and the
relatively low standard deviations in each
class, the similarities of the class means are
not tested using the pixel data. The null-
hypothesis about the equal means would
have been rejected in almost all tests if the
pixel data had been used. For example, if the
number of pixels in a class is 150, and the
standard deviation of the intensities is 5, then
the difference of the intensity means can be
smaller than one intensity unit, and still the
null-hypothesis is rejected using a 5 percent
significance level. In most cases, the standard
deviation was smaller than 5, and the
number of pixels per class was higher than
150. (The number of pixels in the class for
light Gremmeniella damage was 136, approx.
60 original pixels). The Tukey’s tests descri-
bed in the previous chapter may have given a
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a) Red light (TM3). b) Near
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much more realistic figure about the class
differences, since the calculation unit was the
spectral mean of the ground truth stand.

In Figures 21 and 22, the horizontal axis
values 0, 9, 21 and 33 equal the dates of
images TMI84, TMI8S, TMI86, and SSI87,
respectively. The Spot winter image was left
out of the graphs because Tukey’s tests
showed that winter images may only be
useful in the interpretation of clear cuttings.
The following listing may help in the
interpretation of the figures:

Class name Explanation

ThCSet1 Thinning cutting has been made between
times 0 and 9 months

ThCSet2 Thinning cutting has been made between
times 9 and 12 months

Light dam.  Light damage

Heavy dam. Heavy damage

ClearCSetl  Clear cutting has been made between
times 0 and 9 months

ClearCSet2  Clear cutting has been made between

times 9 and 12 months
Young-PNFI PNFI data, unchanged plots 0—39

m3/ha

Old-PNFI PNFI data, unchanged plots 40 m3/ha
and over

SoPrepSet]  Soil preparation has been made between
times 0 and 9 months

SoPrepSet2  Soil preparation has been made between
times 9 and 12 months

ShRemSet]  Deciduous shrub removal has been made
between times 0 and 9 months

ShRemSet2  Deciduous shrub removal has been made

between times 9 and 12 months
SGrowPNFI Deciduous shrub growth, PNFI data

The plots are joined to make reading of the
figures easier, although the spectral data
were certainly not continuous in respect to
time. The plots for the PNFI data are not
joined because intensity values for those
classes were selected from TMI84 and SSI87
images only.

Thinning cuttings and damage

The red light channel intensities of classes at
Time=0 are similar (Fig. 21a ). The heavy
damage class has somewhat higher inten-
sities in red light during the three year
period than the other forests in the same
development phase. The crowns of the trees
were already sparse due to earlier epidemics
(Alajarvi 1991). Damage and thinning cutt-
ing have slightly increased the red light
intensities. The intensities of thinned and
damaged forests appeared to decrease after
the change, which may indicate increased
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biomass, i.e. recovery of the forest. The
plots at ’time=33" suggest that the spectral
tracks of the thinning cuts and damage
disappear within a couple of years. In the
near infrared range, the differences between
class intensities are small.

Clear cutting and soil preparation

After the drastic red light intensity increase
due to clear cutting, the intensities decrease
(Fig. 21a). The intensities again increase to
near the intensities of the clear cut areas
after soil preparation. Near infrared inten-
sities increase much less than red light
intensities in the clear cutting.

The near infrared intensity changes in soil
preparation areas may be caused mainly by
the recovery of the undergrowth, since the
intensities of SoPrepSetl and SoPrepSet2
are similar (Fig. 22b).

Shrub removal and growth

Removal of deciduous shrub competition
increases red and decreases near infrared
intensities (Fig. 22a and b). A similar
recovery effect, which could be seen in
thinning cut and damage classes, seems to
exist in deciduous shrub removal classes.

Deciduous shrub growth increases the
near infrared intensities (Fig. 22b).

Figures 21 and 22 presented the class
means only, which were computed from the
intensities of the single pixels. Figures 23a,
b, and ¢ give an idea of the intensity
distribution. The only change that clearly
differs is in the clear cuttings. The clear cuts
increased the intensities much more distinct-
ly in the red light range than in the near
infrared range when the deviation is taken
into account. The spectral properties of
some stands with soil preparation are similar
to the unchanged stands. The distributions
of the thinned/damaged and the unchanged
stands overlap considerably.

The near infrared intensities on many
light damage stands decreased when compa-
red to the reference stands. The heavy
damage plots are widely distributed, and it is
difficult to see whether they form their own
cluster. Figure 23b demonstrates the inten-
sity changes of the unchanged” stands. The
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highest intensities of the near infrared
radiation have increased from image TMI84
to TMIBS. They represent regeneration areas
with vigorous undergrowth and deciduous
shrubs. The increase is due to autumn
coloration which decreased the near infrared
reflectance (Gates 1970, Peterson 1989) in
image TMI84. The general pattern of all
visual and middle infrared channels is
similar to the red light channel.

5.3 Analogous images

The black and white difference images show
a big variation in intensities (Fig. 24a, b and
c). A large part of the image area has
intensity changes. The red light and middle
infrared intensities of the obvious damage
areas have increased, while the near infrared
intensities have decreased (A).

The clear cut areas (B) can be separated
well in the red light and middle infrared
radiation due to increased intensities, but in
the near infrared, however, they are hardly
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Fig. 24. Difference images. Area 10 km x 10 km.
a) Red light difference channel D3 (TM385 —
TM384). b) Near infrared difference channel D4
(TM485—TM484). ¢) Middle infrared difference
channel D5 (TM585—TMS584).

distinguishable. At least some plowed areas
show a change similar to clear cuttings (C).
The open Siikaneva’ bog shows various
types of changes which may be seasonal.
One of the most conspicuous is the increase
in the red and near infrared (D). A partial
autumn aspect of the deciduous tree forests
in image TMI84 has caused an increase in
the red light and a decrease in near infrared
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in a birch swamp (E). The middle infrared
shows no clear changes in this case.

The near infrared intensities of the lakes
have changed, but not the red light
intensities.

Analogous color images were prepared
employing difference channels only (Fig. 25a
and b) and original plus difference channels
(Fig. 26a and b). The difference channels for
Figure 25 were computed in this particular
way to achieve a certain visual effect and to
make the images more colorful.

Explanation of colors in Figure 25 (additive
colors, Lillesand and Kiefer 1987):

yellow increased red light and decreased near
infrared intensities
red/orange  strongly increased red light intensities

Explanation of colors in Figure 26:

magenta increased red intensities, not increased
near infrared intensities
yellow increased red and near infrared

intensities (deciduous shrub growth on
regeneration areas)
red/orange  increased red intensities, slightly
increased near infrared intensities
Note the difference in the plowed areas (C)
between image pair TMI84/TMI85 and
TMIB4/SS187 (Fig. 25a and 26a). Note also
how the yellowish area in Figure 25b is
concentrated spatially as is the magenta area
in Figure 26b. The location of the belt is
similar to the highland area where the
thickness of the soil above bedrock is less
than one meter (Geological map... 1982).

Hime T.
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Fig. 25. Color composite of difference channels of image pair TMI84/TMI85. a) Area 10 km x 10 km.

b) Area 40 km x 40 km.
Red: TM385 — TM384
Green: TM484 — TM485
Blue: TM584 — TM585

Fig. 26. Color composite of original and difference channels of image pair TMI84/SSI87. a) Area 10 km x 10 km.

b) Area 40 km x 40 km.
Red: SS287

Green: SS387 — TM484
Blue: TM384

5.4 Supervised classifications
5.4.1 Classification statistics
The standard deviation of the spectral classes
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increased from image TMI84 to image
TMIS8S. The increase may have been caused
by the larger irradiance and the summer
season in image TMI8S (Table 21). The
deviation of the manmade change classes had
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Table 21. Means and standard deviations (s) of the classes used in classifications to image pair TMI84/TMI8S. The

rd ‘ : r Table 22. Means and standard deviations (s) of the classes used in classifications
mean and the standard deviation of the whole image in paranthesis.

to image pair TMI84/SSI87. The mean and the standard deviation of the
whole image in paranthesis.

Feature Parameter Class
c CR T TR L H s SR p PR Feature Parameter Class
(6] OIdR T YoungR S G
TM184 mean (48.5) 459 462 467 467 469 469 518 485 51.7 51.3
s (3.7) 1.7 2.0 2.0 1.9 1.5 1.7 ki | 2.4 25 29 TM284 mean (18.1) 16.3 16.6 16.8 17.3 18.3 19.9
s (26) 0.7 0.8 0.9 0.8 1.0 1.2
TMI185 mean (64.7) 694  62.5 63.0 627 63.0 639 692 649 689  69.1
s (4.6) 3.6 29 2.6 2.3 1.5 1.6 4.2 29 3.3 2.5 SS1 mean (29.6) 32.5 26.4 274 28.3 29.7 31.0
s (4.5) 1.4 0.9 1.2 2.0 0.9 1.5
TM384 mean (15.7) 13.0 13.8 13.9 13.9 13.8 14.6 18.6 16.5 18.5 18.4
s (4.3) 1.4 2.0 1.7 1.6 1.0 1.3 3.9 2.4 2.3 1.9 TM384 mean (15.7) 12.6 13.2 13.6 14.3 16.3 18.7
s 43 07 0.8 1.1 1.5 1.5 1.4
TM385 mean (21.3) 29.8 19.2 20.1 19.3 20.1 212 269 222 279 26.8 '
s (4.9) 5.0 32 2.7 24 1.1 1.6 49 3.2 42 25 SS2 mean (15.9) 229 13.7 14.7 153 16.7 17.3
| s (4.9) 1.8 1.0 1.4 22 1.3 1.7
TM484 mean (32.2) 246 260 296 287 30.8 29.3 356 359 314 266 |
s (8.5) 4.6 5.7 4.8 43 3.7 2.7 5.7 4.5 45 4.1 [ TM484 mean (32.2) 248 28.0 275 31.2 359 36.7
s (8.5) 1.3 4.4 39 3.6 5.7 4.1
TM485 mean (50.9) 454 39.6 437 428 442 444 531 57.6 464 414
s (15.2) 5.1 6.9 6.7 5.9 3.0 3.5 7.8 9.6 7.0 6.1 SS3 mean (53.4) 46.6 43.1 42.0 49.4 59.7 67.6
s (16.3) 9.1 7.5 4.6 8.8 9.3 7.0
TMS584 mean (25.8) 159 19.9 20.0 19.1 20.4 23.5 36.0 323 39.0 400
s (12.5) 4.8 8.2 6.2 5.7 3.6 44 8.0 10.6 11.7 8.6 No. of plots/class 7 41 25 12 13 14
TMS85 mean (41.8) 69.2 345 37.0 33.9 37.3 43.2 57.8 50.5 649 654 - (R"‘;‘f'f“f. i ) N - YoungR Reference class, stem volume 0—39 m*/ha
s (158) 186 136 108 102 53 66 182 137 142 122 T Thinnngeut o O e
D1 mean (16.1) 23.5 16.3 16.4 16.0 16.1 17.0 17.5 16.4 17.2 17.8
s (3.4) 39 25 2.6 2.2 1.9 2.0 3.0 23 2.8 2.2 @
o
D3 mean (5.4) 169 5.4 6.2 5.4 6.2 6.6 8.3 5.7 9.4 8.4 =
s 3.5) 5.1 2.5 2.4 2.0 1.3 1.4 32 1.9 35 2.0 §
n n
D4 mean (169) 21.0 135 140 140 135 151 175 217 151 148 8 g*
s (11.6) 5.5 5.3 5.1 4.7 3.1 2.7 59 8.2 6.0 4.4 - —3
D5 mean (14.3) 53.6 14.7 16.9 14.7 16.9 19.7 21.8 18.2 259 25.5 ™M TR
s (10.8) 19.1 10.6 8.5 7.4 32 4.0 11.8 1.7 10.7 8.5 s 8
z Ys
No. of pixels/ z %
class 1811 649 4916 3816 136 148 340 1556 508 478 T ¢9
b= Isg
No. of separate Q Q
areas/class 8 8 30 22 16 15 6 18 9 3 8
2
C  Clear cut S Shrub removal
CR Clear cut reference SR Shrub removal reference

10 20 38 40 Se 60 79 B0

99 100
CHANNEL 4 1984

T  Thinning cut 110 120
TR Thinning cut reference
L Light damage

H Heavy damage

P Soil preparation
PR Soil preparation reference

CHANNEL 3 1984

i a b
Fig. 27. Location of change (cross) and no change (dot) class means in the frequency table from bitemporal TM

. . . ch. Is. ed light. i
increased more than the deviation of the the variance channel with three difference channcls. a) Redlight. b) Near infrared.
reference classes. The TM184/SSI87 statistics channels. The. standard .devianons in TMS . N
do not show an increasing standard deviation were usually higher than in other channels. intensities. The shrub removal and soil Figures 27a and b demonstrate how un-

caused by the change (Table 22). The relative
increase is largest in the red light difference
channel D3, which was used as an input
feature to compute a variance channel. The
variance was calculated from a 3x3 pixel
window. A classification was performed on
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The soil preparation class (P) had higher
TM484 intensities than its reference class
(PR). In the soil preparation class, the stands
had been cut earlier than in the reference
class. Thus, the undergrowth had become
more luxuriant, increasing the near infrared

Hiame T

preparation classes had similar intensity
values in channel TM385; but in TM485, the
intensities of the shrub removal class were
higher. Also, the TM184 and TM384 inten-
sities were lower in the change class than in
the reference class.
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common the intensities of the clear cut areas
are in the two-dimensional intensity distri-
bution. This should mean easy discrimination
of the clear cuts. The thinning cuts are within
the most usual intensity values.
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5.4.2 Determining a priori probabilities
for maximum likelihood classification

The area of the changed forest is much
smaller than the area of the unchanged
forest, if the time period between the images
is short. The differences in area were taken
into account using lower a priori probabili-
ties for the change classes than for the
unchanged classes. The aim was to avoid the
classification of unchanged forest to change
categories, while keeping as much actual
changed forest in change classes as possible.
One maximum likelihood classification for
three different image pairs was performed
using altering a priori probabilities.

In experimental classifications to image
pair TMI84/TMIS8S, it was tested if the most
likely areal proportions of the change and
reference classes could be used as the
probabilities (Formula 31):

wC‘ AC

po 3

where
p, is a priori probability for class ¢
w weighing factor for class ¢
A presumed areal proportion of class ¢
n number of classes

First, all w, = 1 were tested. This led,
however, to far too low areal proportions for
the change classes in final classifications.
Clear cuts, for example, obtained very low a
priori probabilities, since the annual area of
clear cuts is around 1 percent of the total
area. Next, w, > 1 was set for change classes
(equal to all change classes) and w, = 1 to all
no-change classes. This solution was better
than using actual areal proportions. How-
ever, it did not take into account the spectral
locations of classes. Clear cuts, which were a
very distinct spectral class, obtained lower a
priori probabilities than thinning cuts whose
annual area is 2 to 3 times the area of clear
cuts. The intensities of thinning cuts were
close to the most frequent intensities and
very close to the intensities of the reference
class. Thus, the confusion of classes was
much more probable in thinning cuts than in
clear cuts.

Finally, the spectral properties of change
classes were noticed in determining their a
priori probability using deduction and trial
and error. The conclusively applied probabili-
ties were:
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1

P= 07 +05n+m

(32)

where

P is a priori probability for the unchanged classes.
Probability for clear cuts was 0.7 P, and
probability for other change classes was 0.5 P
number of change classes
m  number of unchanged classes

=

5.4.3 Class distributions

The TMI84/TMIBS classifications have less
change class pixels than the TMI85/TMI86
classifications and more reject class pixels
(Fig. 28). The agricultural fields, which were
left unclassified (assigned to reject class) due
to the autumn image in image pair TMI84/
TMISS5, are assigned more often to the forest
classes, especially the change classes, in the
later image pair. The difference between the
areas of the unclassified categories in the two
image pairs corresponds well with the diffe-
rence between the percentages of the changed
forest category. A distinct exception is the
difference image classification MLDIffEq
from image pair TMI85/TMI86, where over
half of the pixels have been assigned as
changed. A large proportion of these chan-
ged pixels consists mainly of damage classes.
For example, 33.6 percent of the pixels
belong to the two damage classes, when the
percentage in the earlier image pair is 18.2.

The result verifies the former observations
of the study that only a very small change
occurred in the damaged forests between
images TMI85S and TMI86. Thus, the
damage classes have also included unchanged
areas.

Note that the Euclidean distance classifi-
cation originally did not have the reject class.
The reject class was masked to the Euclidean
classifications from the maximum likelihood
classifications which had equal a priori
probabilities. The masking was done to get
the class distributions more comparable.

Lower a priori probabilities for the change
classes decreased their areal proportion to 70
percent of the proportion of change classes in
classifications with equal @ priori probabili-
ties.

The proportion of thinning cuttings is too
small in the TMI84/TMIBS classifications
(Fig. 29). The proportion should be higher
than the real area, because this type of class,
located near the mean and modal intensity

Hame T.
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Fig. 28. Proportion of change and reject classes in classifications to image pairs

TMI84/TMI85 and TMI8S/TMIS6.

Z

Class. method

B cociceon

Clear cut
CR  Clear cut reference
T  Thinning cut
TR Thinning cut reference
L  Light damage
H  Heavy damage

values, will contain more individual pixels
due to image noise. Similar mean values, but
higher deviations when compared to the light
damage class, caused the low proportion.
The high deviations caused a flatter density
function for the thinning cut class than for
the light damage class in the maximum
likelihood classification.

In the TMI84/SSI87 classifications (Fig.
30), clear cuts cover too small an area. The
statistics for the clear cuts were calculated
using only seven (7) observations. This
caused very low deviations of the channels,
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EA mLorigeq

[‘A MLOrigAlt

B v DiffEq
FigC. 29. Class distributions in classifications to image pair TMI84/TMIS85.
S

Shrub removal
SR Shrub removal reference
P Soil preparation
PR Soil preparation reference
Rej. Reject class

and a very narrow density function as well.
The proportions of the shrub removal and
shrub growth classes are, conversely, quite
high. The data did not have enough plots to
form good reference classes for open or
nearly open areas.

Modal filtering within segments for the
map output dropped the proportion of
change classes to approximately one half of
the proportion in the pixel by pixel classifi-
cation (Fig. 31). The filtering kept only the
uniform change areas, and faded most of the
single change pixels. A typical filtering
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Fig. 30. Class distributions in classifications to image pair TMI84/SSI87.
C

Clear cut

OIldR Unchanged, tree stem volume 40 m>/ha or more.

T Thinning cut 3
YoungR Unchanged, tree stem volume less than 40 m”/ha.
S Shrub removal
G Shrub growth
Rej. Reject class

60

B50=

B Fitered

Fig. 31. Impact of modal filtering. Classification MLOrigAlt to image pair

TMI84/TMIBS.
Unch. Unchanged
Other symbols, see Fig. 29

window, i.e. segment size, was only about ten
pixels or less. In certain cases, the size was
some tens of pixels (Fig. 32).

The segments within which the proportion
of the modal class was 50 percent or more
included 96.3 percent of the image area;
segments within which the proportion was 75
percent or more included 71.0 percent; and
segments within which the proportion was 90
percent or more included 48.2 percent.
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Classes with similar field content were
combined before filtering. Filtering first and
then combining the filtered classifications
was also tried, but visual observation showed
that the classes should have been combined
beforehand. In these two solutions, however,
96 percent of pixels were finally assigned to
the same classes. The differences were
concentrated in damaged areas which were
too small if the filtering had been done first.

Hime T.

Fig. 32. Filtering windows from image segmentation.

Area 10 km x 10 km.
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5.4.4 Results of testing with external test data

Figures 33 and 34 present the summary of
classifications made. Tables 23, 24, 25, and
26 present the confusion matrices of four
classifications of image pair TMI84/TMIS85.
Table 27 presents the result of the tritempo-
ral classification. Table 28 presents the
testing result of the TMI84/SSI87 classifica-
tion, and Table 29 presents the result of the
TMI85/TMI86 image classification using
transferred statistics. The test results of the
rest of the classifications are in Appendix 2.
The class from Setl representing mechani-
cal shrub removal and/or conifer thinning
has been combined into the shrub removal
reference class in confusion matrices for
TMIB4/TMI8S classifications because no
spectral value analysis or preliminary classi-
fication showed that the class represented a

LOriaTraA
OrigTroA

Fig. 34. Summary of testing of classifications to image pair TMI85/TMI86.
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Table 23. Test result of the Euclidean classification to
image pair TMI84/TMIS8S5.

Table 25. Test result of the MLOrigAlt classification to
image pair TMI84/TMISS.

Field Interpretation Field lntcrprctauon
observation C ;ponding class in P observation Corresp g class in interp
CCRTTRL H S S P PR Tot. C CR T TR L H S SR P PR Tot
Clear c. 71000010 O0O09 Clear c. 7100 00O0O0T1O0TO0OY9
Clear c. R 07000O0O0T1O0TO0 B8 Clear c. R 071000O0O0TO0TO0S8
Th.c. 252555030027 Th. c. 23 08120010 127
Th.c.R 0406 42030019 Th.c.R 0309212040019
Light d. 02347301002 Light d. 000 213500002
Heavy d. 011312020010 Heavy d. 020233000010
Shrub r. 000O0OOTOODO 0 Shrub r. 000O0OOOU®OOOTO0OO
Shrubr. R 001011490016 Shrubr. R 000 3 000130016
Soil p. 01 000O0UO0OTI 3 49 Soil p. 000T1O0O0OO0OTO0OG6 29
Soil p. R 0000O0OOOGOTI1 23 Soil p. R 000O0OGO0OOTIUOTZ23
Total 9 21 7 181813 5 20 4 6 121 Total 9 16 1 2530 9 0 20 6 5 121

Test data: Set1T, DamT

Clearc.  Clear cut

Clearc. R Clear cut reference

Th. c. Thinning cut

Th.c.R  Thinning cut reference
damage

Shrubr. R Shrub removal reference
Soil p. Soil preparation
Soil p. R Soil preparation reference

Table 24. Test result of the MLOrigEq classification to
image pair TMI84/TMIS8S.

Field Interpretation
observation C ing class in interp
CCRTTR L H S SR P PR Tot.
Clear c. 8 0000 O0O0OT1O0TO0OY9
Clear c. R 06 01 00 0100 8
Th. c. 32051140200 27
Th.c.R 0116 43040019
Light d. 00 0115400002
Heavy d. 01113 4000010
Shrub r. 000O0OOGOOO0OOO
Shrubr. R 000 10O0 1140 016
Soil p. 0001 O0O0OO0OTO0OTS8DO0OY9
Soil p. R 000O0OO0OO0OT1TI1T1S3
Total 1110 2 16 3315 1 23 9 1 121

Test data: Set1T, DamT
Legend: see Table 23

change. The damage classes were assigned to
the group of change classes in the TMI85/
TMI86 image pair, although the existence of
a change by damage was somewhat unclear
between the dates of those images.

The statistics from MLOrigAltF and ML-
DiffEqF classifications in Figure 33 are not
fully comparable with the other classifi-
cations, because the thinning cut and damage
classes were combined before filtering. The
unchanged classes were also combined. The
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Test data: Set1T, DamT
Legend: see Table 23

Table 26. Test result of the MLDIffEq classification to
image pair TM184/TMI8S.

Field Interpretation
observation Corresponding class in interp

C CR T TR L H S SR P PR Tot
Clear c. 700 000T1O0O0TI9
Clear c. R 0106 1 00O0O0TO0 S8
Th. c. 2 00 3134000 527
Th.c.R 000 8 6 1 020 219
Light d. 000 2134010 02
Heavy d. 000123110 210
Shrub r. 000O0O0OOUOOGOOO
Shrubr. R 00 00 3 00130016
Soil p. 2001 000O0SM4°29
Soil p. R 0001 0O0O0OO0OTO0OTZ23
Total 111 0223911 2 17 4 14121

Test data: SetIT, DamT
Legend: see Table 23

Table 27. Test result of the MLDIffTriEq classification
using difference channels from image pairs TMI84/

TMI8S and TMI85/TMI86.

Field lnlerpreuunn
observation C P class in interp i

C CRTTR L H S SR P PR Tot
Clear c. 5000O0T1O0O0TO0TUO0SFE
Clear c. R 0 4000O0O0OT1O0O0S
Th. c. 1 2106 3 301118
Th.c.R 0104 0 3 00 40 021
Light d. 01 0014500002
Heavy d. 010053001010
Shrub r. 000O0O0OO0OUOOGOODO
Shrubr. R 0010001181 021
Soil p. 0001 00O0O0T7T19
Soil p. R 00 00O0O0O0OOUOT OO
Total 6 18 6 1 28 12 4 23 10 2 110

Test data: SetIT, DamT (11 observations were out of the image area of
TMIB86 image or affected by clouds)
Legend: see Table 23

Hame T.

Table 28. Test result of the MLOrigEq classification to
image pair TM184/SSI87.

Field lnlerprelauon
observation Cor class in P

C RI T R2 S G Re Tot
Clear c. 1 1 0 6 3 1 11 28
Reference 1 0 4 22 8 2 6 2 86
Th.¢. 0 2527 7 1 3 1 64
Reference 2 0 17 9 5 12 6 6 55
Shrub r. 0o 1 0 2 8 10 1 22
Shrub g. 0 0 0 0 0 0 0 O
Total 1 9 58 28 26 26 21 250
Soil p. 0 0 0 2 1 14 0 17
Light d. 0 5 130 0 1 1 2
Heavy d. o 1 5 2 0 1 1 10
Total 1 9 76 32 27 42 23 297
Performance (from 250 observations)
Overall: 35 %
Changed clasuﬁcd to changed 37 % from changed

d classified to d: 54 % h

rom
Tesl data: Set1A (changed), Set2A (changed), DamT, PNFIT

Reference | unchanged, stem volume = 40 m*/ha, from PNFI
Reference 2 unchanged, stem volume 0—39 m*/ha, from PNFI
Shrub g. Shrub growth

Other legend see Table 23

Table 29. Test result of the MLOrigTraAlt -classifi-
cation to image pair TMI85/TMI86 using statistics
from image pair TMI84/TMI85.

Field Interpretation
observation Corresponding class in interp.
CCRTTRL H S SR P PR Rej Tot.
Clear c. 10103100010 0 16
Clear c. R 0219000000 1 13
Th. c. 27210201100 0 25
The. R 010043000 400 10 67
Light d. 03012000000 0 15
Heavy d. 05170200000 15
Shrub r. 01000007001 9
Shrub r. R 00060012200 2 31
Soil p. 000400020120 18
Soil p. R 00000001022 5
Total 12294943 2 23711416 214

Test data: Set2T, DamM, from Setl1A 30 thinning cuts which were made
before the acquisition of image TMISS.

Rej Reject class
Other legend see Table 23

combination increases the overall perfor-
mance shown in the figures.

The overall performance was low in all
cases. It should, nevertheless, be kept in
mind that the class proportions did not
correspond to the real field proportions. The
proportion of a certain class was also
somewhat different in separate test sets. The
Euclidean distance classification gave consi-
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derably weaker results than the maximum
likelihood classifications in image pair
TMI84/TMIS8S because the deviations of the
intensities of classes varied. The Euclidean
distance classification does not take intensity
deviations into consideration. The result of
the Euclidean distance classification was
especially poor in the thinning cut and light
damage categories, which were the largest
groups in the test sets.

The MLOrigAlt classifications may have
given the best classification results. The
ranking of the methods depends on the aim
of the interpretation. The use of smaller
probabilities for the change classes has
increased the proportion of cases where the
unchanged forest was classified correctly.
Smaller probabilities did not notably change
the test result of changed forests. This is
especially worth noticing when we take into
account the diminishing area of the change
classes in classifications with altering a priori
probabilities.

The most important difference between
the two maximum likelihood classifications
using original channels has been the refe-
rence class for the thinning cuts. This class
was classified more often in the damage class
when the a priori probabilities were equal
than when they were altering.

Tritemporal data also seemed to be useful.

The use of filtering increased the overall
performance, but decreased the proportion
of the actual changed areas being classified
as changed. It must be kept in mind,
however, that the boundaries of the test areas
may not have been totally correct.

Class distributions had already indicated
that the class for thinning cuts did not
accurately represent the thinning cuts. Test
results confirm that. The light damage class,
with its low variance, represented thinning
cuts better. Distinguishing the thinning cuts
was also studied by classifying the original
channels of image pair TMI84/TMI8S5 with-
out damage classes. Generally, both the
damaged test stands and the thinning cuts
were assigned to the thinning cut reference
class, although the a priori probabilities were
equal for all classes.

The stand variable values of the actual
thinning cuts and the reference class for the
thinning cuts were compared to the result of
the TMI84/TMIBS difference channel classifi-
cation. The following observations were
made:
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Actual thinning cuts

— 3 out of 4 stands classified to heavy damage were in
pine swamp.

— 7 out of 9 spruce dominated stands were classified to
light damage category.

— The proportion of pine was at least 70 percent on all
5 stands classified to soil preparation reference class;
the site type was Vaccinium type.

— No clear relationship between stand volume and the
successfulness of the classification was found.

Thinning cut reference class

— All 7 stands classified to damage classes were pine
dominated, the proportion of pine being at least 80
percent with one exception (60 percent).

The examination of the stand variable values
suggested that the change by the thinning
cuts is detectable, at least in some cases,
because thinning cut spruce trees were
assigned to damage classes. Most likely the
spruce stands were not damaged. Further-
more, no damage information was available
about the seven reference pine stands
classified to the damage category.

The thinning cuts in image pair TMI85/
TMIB6 classifications were less well distin-
guished than the Tukey’s test results indi-
cated. Thinning cuts were not well represent-
ed in their own class, but were concentrated
in the heavy damage class. The classification
results of the other classes, including the
damage classes, are similar to the results of
the earlier image pair. The class distributions
showed, however, that the damage classes
also included much forested area other than
the damaged. That was particularly the case
in the difference image classification.

One classification experiment on image
pair TMI85/TMI86 was accomplished with-
out damage classes. The maximum likelihood
classification with equal a priori probabilities
was applied to the original channels. The
percentage distribution of the test stands
classified to thinning cuts was the following:

Thinning cuts 40
Thinning cut ref. 16
Light + Heavy damage 37

The classification results of clear cuttings and
soil preparation were quite good in all
Landsat TM image classifications. The errors
in the clear cut classifications may be errors

72

in the field data, or they may be by caused by
very exceptional clear cuts, such as clear
cuttings of young stands due to extensive
damage. In the TMI85/TMI86 classifications,
all 6 clear cut test stands were classified as
clear cuts in three classifications out of four.

In one classification, the stand was classified

as a thinning cut. Due to lack of test data,

the classifications did not answer whether or
not it is possible to separate stands where the
shrubs have been removed.

The classification results from image pair
TMI84/SSI87 are almost useless. The reasons
are:

— The data did not allow formation of good
unchanged reference classes for the change classes.

— The number of observations was too small in most
classes.

— The three years between the images would have
required several spectral classes for the same field
change class.

— The analogous image from this image pair (Fig. 26a
and b) and the changes as a function of time (Fig. 21
and 22) illustrated how vegetative succession,
causing its own changes, can fade manmade
changes.

— Not all radiometric errors could be corrected.

5.5 Unsupervised classification

The unsupervised classification was first
made for imagery which consisted of paired
original channels TM384 and TM385 and
the near infrared difference channel D4. The
red and near infrared spectral ranges were
the most important in change interpretation
according to the Tukey’s tests and classifi-
cations with experimental discriminant mo-
dels. The TM3 original channels should
separate the different forest canopy types, in
addition to the changes.

The two original channels and one diffe-
rence channel separated the canopy types
but not the change.

The clustering process was continued, em-
ploying unmatched difference channels with-
out histogram matching. Use of difference
channels also made it possible to add the
middle infrared range which was the third
important spectral area in the tests. The
input channels were D3 (TM385-TM384),
D4 (TM485-TM484) and DS (TMS8S-
TMS584) from image pair TMI84/TMI8S5.

In all, the clustering separated 1144
classes from the data set. The number of
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classes was restricted to 65 after some
experiments. Above that number of classes,
the individual classes represented only a very
limited number of pixels. The 65 classes
contained 76.3 percent of the pixels. The
reject class was composed of classes 66—
1144, and contained the remaining 23.7
percent of the pixels. The largest class in the
65 classes contained 10.3 percent of the
pixels and the smallest 0.1 percent. The first
10 classes contained 44.8 percent of the
pixels.

The field content of the clustering classes
was clarified by calculating the class distri-
butions within the ground truth areas of the
combined Setl and Dam, which had original-
ly been used to compute the statistics for the
supervised classifications.

The largest category in clustering for the
treeless or nearly treeless field classes was
the reject, or unclassified class. The reason
was the class number restriction. Earlier
experiments had indicated that the treeless
stands often had class numbers above 65,
and that they were spread into tens of
classes. For instance, 90 percent of the pixels
in the clear cutting ground truth class were
unclassified, or had the class number 66—
1144 in the clustering. The remaining 10
percent included 28 classes. The enormous
amount of classes may be a special feature
of the multitemporal data. Parmes and
Kuittinen (1988) have obtained a proper
amount of clusters in clustering of mono-
temporal Spot imagery.

The analog-to-digital converter of the
Landsat TM instrument causes large frequen-
cy variation in the successive intensities. In a
frequency histogram, those intensities can be
seen as local maxima (Kieffer et al. 1985).
Because the clustering algorithm searches
the local frequency maxima, the radiometric
error increases the number of classes greatly.

The unchanged classes with tree cover
also had some ten percent reject class pixels.
Seasonal changes and noise may have
caused this proportion of pixels to have
exceptional intensities.

Clustering seemed to distinguish damage.
Damage was extensive enough to form
classes which were included in the first 65
classes, and the spectral variability was not
as high as in the treeless areas. Seven (7)
classes reflected damage. A class was
assigned to a damage class on the basis of
two criteria: 1) their spectral means should
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harmonize with the other results of this
study; and 2) they should form spatially
homogeneous areas.

Increased red light, slightly decreased
near infrared, and greatly increased middle
infrared (TMS5) intensities were common to
all 7 classes. The 7 classes also formed
uniform areas, which was not the case with
most of the other clustering classes. The
spectral properties of the 7 classes were
partially different from the damage classes
of the supervised classification.

The 65 classes were combined into six
categories: three damage categories, unda-
maged conifer forests, water, and other
classes representing open or nearly open
areas.

The most important spectral range was
the middle infrared (TMS). For example, the
red light and near infrared intensity values
of mature spruce forest, a very common
forest canopy type, were similar to some
damage classes; but the TMS5 intensities were
only 57 percent or less of the intensities of
the assumed damage classes. The three
damage categories (light”, “medium”, and
“heavy” damage) were formed according to
the spectral properties of the seven classes.
In the heavy damage category, the red light
intensities were remarkably increased.

Standard deviations of the change classes
were smaller in the clustering than in the
supervised classification, although the slight-
ly lower radiometric resolutions of the D4
and D5 channels have been taken into
account. In clustering, the highest standard
deviations were in the D4 channel which had
a maximum of 2.8. The highest DS deviation
for damage classes was 0.74. In the
supervised classification, the D5 deviation
was 3.2 for the light damage and 4.0 for the
heavy damage class. Note, however, that a
larger number of classes in clustering
automatically decreases the deviations. The
TMIB4/TMISS classifications had 10 classes.

Damage separated by clustering was con-
centrated in older forests. The ground truth
areas for the supervised classification were
mainly from young forests in the age
category of first thinning.

The damage classes from clustering best
represented the ground truth class for heavy
damage (Fig. 35). The figure also shows that
the damage class names from clustering and
supervised classifications are not equivalent.

The same segmentation used for the map
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Fig. 35. Distribution of pixels of some ground truth classes of Setl and Dam to the

damage classes of clustering.

Fig. 36. Class distribution in clustering and impact of filtering.

outputs of the supervised classifications was
applied to the clustering result. As in the
supervised classifications, modal filtering by
segments made the areas of the damage
classes smaller (Fig. 36). The proportion of
damage classes was smaller than in the
supervised difference channel classifications
from image pair TMI84/TMIS8S, but larger
than in the supervised classifications with
the original channels.

5.6 Change maps

The areas interpreted as damaged form the
same spatial pattern (Fig. 37, 38 and 39) that
could be seen in the analogous images (Fig.
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25b and 26b, Section 5.3). Figure 40 shows
how the areas interpreted damaged were
concentrated on uplands.

The area classified as damaged in the
difference channel classification MLDIiffEQF
approximately covered the “light damage”
class of the clustering. Of that class, 82
percent was classified as damaged in the
MLDIffEqF classification in a subarea of
500 x 500 pixels (Fig. 41, Fig. 42). The
corresponding figures were 42 percent for
the ”medium damage” and 21 percent for
the heavy damage” clustering classes. The
damage classes of the MLDIffEqF classifi-
cation also cover the damage classes of the
MLOrigAltF classification (Table 30, Fig.
42, Fig. 43).

Hame T.

Fig. 37. Damage classes of clustering which is post pro-
cessed with filtering. Area 40 km x 40 km.
Colors:
Light violet Light damage clustering class
Reddish violet Medium damage clustering class

Dark violet Heavy damage clustering class
Light green Other coniferous forest

Blue Water

White Other
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The areas classified as shrub removal
classes (orange) are mainly seasonal chan-
ges, e.g. the open bog (D) in the lower left
corners of Figures 42 and 43 (compare also
with Fig. 25a and 26a, Section 5.3). Note
how different parts of the bog have been
assigned to the shrub removal class in the
MLDIffEqQF and MLOrigAltF classifications
(Fig. 42 and 43). On mineral soil areas, the
classifications agree better.

The yellow colored area, soil preparation
class, is also clearly larger than the actual
forest soil preparation, especially in the
MLOrigAlt classification. The area of the
larger-scale hardcopy was, however, special
in respect to the soil preparation class. In the
whole area, the proportion of the soil
preparation class was higher in the ML-

Fig. 38. Combination of MLDIffEQF classification to
image pair TMI84/TMIS8S, Spot panchromatic image
and digital terrain model from the 1:200 000 map.
Viewing point 45 km southeast and 90 km up from
the southeast corner of the area. Clear cuts 0.8 %,
Light damage 11.0 %, Heavy damage 3.5 % of the
40 km x 40 km image area.

75



PR g
Fig. 39. Damage classes of MLDIffEQF classification to
image pair TMI84/TMIBS (black) and outcrops of

bedrock-class (grey) of quaternary deposits map of
the geological survey of Finland. Area 20 km x 30
km.

DiffEq (2.5 %) than in the MLOrigAlt
(1.7 %) classification. Some of the incorrect
classifications may be seasonal- and/or some
type of soil preparation other than prepara-
tion for forest regeneration.

Percent of whole/damaged area
35
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o

. j2 by s
Pmnd Dwmr

Fig. 41. Damage classes of clustering which is post pro-
cessed with filtering. Area 10 km x 10 km. Colors like
Fig. 37.

The use of modal filtering by segments
(Fig. 44a and b) has faded the individual
pixels of the clear cut class. In certain cases,
it seems that some more uniform areas have
also faded. This means that the boundaries

—
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(_'_ Whole area —+ Area class. dcmagedw

Fig. 40. Elevation distribution of damage classes of MLDIffEQF -classification com-
pared to the elevation distribution of the whole 40 km x 40 km study area. Elevati-
on data from the 1 : 200 000 maps.
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Fig. 42. Classes of MLDiffEqF-classification to image
pair TMI84/TMI85. Area 10 km x 10 km.
Colors:
Red Clear cut
Violet  Thinning cuts + light damage + heavy damage
Yellow Soil preparation
Orange Deciduous shrub removal
White  Reject class

of the segments have not been optimal. Note,
however, that a single pixel represents only a
20 m by 20 m area.

Fig. 43. Classes of MLOrigAltF-classification to image
pair TMI84/TMIBS. Area 10 km x 10 km. Colors: see
Fig. 42.

Figure 45 is an example of another type of
output. The modal filtered image was
relabeled so that all the uniform areas would
have their own numbers. Then, the raster-
vector transformation was performed. The
result was output using a pen plotter.
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Fig. 44. Impact of filtering to the clear cut class. Classification MLOrigAlt to image pair TMI84/TMI85. Area
10 km x 10 km. a) Unfiltered classification. b) Filtered classification.
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Fig. 45. Line map of change classes. Output in National
Board of Forestry. Area 2.5 km x 2.5 km. Original
scale 1:20 000.

Table 30. Distribution of classes of MLOrigAltF classi-
fication to the classes of MLDIffEQF classification.
Area same as in Fig. 41. Classifications to image pair
TMI84/TMISS.

MLDIffEqF

MLOrigAltF Corresponding class

c D S P Unch. Uncl. Tot.
Clear c. 6 1 8 7 17 0 100
Damage 0 92 0 0 7 0 100
Shrub r. 3 14 29 1 53 0 100
Soil p. 9 2 3 16 70 0 100
Unchanged 0 23 1 1 75 0 100
Unclassif. 1 1 13 2 78 4 100

6. Possibilities to detect changes

The results gave information about spectral
changes caused by the rapid field changes of
a stand. Because the field changes occur
during different times in the life of a stand,
information about the general spectral be-
havior of stands was obtained. Furthermore,
information about the opportunities to
spectrally separate field change types was
obtained.
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Empirical model for spectral life cycle

The class statistics of classes of image TMI85
(classes C, CR, L, TR, S, SR, P, PR, Table
21) were used to compute an empirical model
of the reflectances during a rotation (Fig. 46a
and b and Fig. 47a, b, and c). To make
comparison easier between the empirical
model and the computational model (present-

1 10 100
Time, (years)

Fig. 46. Empirical model vs. computational model of reflectances of a pine stand during a rotation. Vegetation in
summer seasonal aspect. a) Red light. b) Near infrared radiation.
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Fig. 47. Empirical reflectance model and standard devi-
ation of the reflectance. Vegetation in summer seaso-
nal aspect. a) Red light (TM3). b) Near infrared
radiation (TM4). ¢) Middle infrared radiation
(TMS).

ed in Section 2.3), it was assumed that the
reflectance of the clear cutting reference class
(CR) was the same as the reflectance of
mature forest in the computational model.
The rest of the reflectances were computed
from the class intensities so that the ratio of
the computed reflectances in different deve-
lopment phases of the stand was the same as
the ratio of the intensities of the classes.
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The empirical reflectance model is similar
to the computational model. The biggest
difference is in soil preparation. The com-
putational model gave much higher reflectan-
ces than the empirical, which indicates that
the assumptions were not fully suitable to the
situation in the study area. The differences
with assumptions and reality can be due to:
1) soil reflectance (from Ritari and Saukkola
1985) was too high for the study area; 2) the
area of the bare soil was overestimated in the
model; 3) cutting debris had partly covered
the soil; and 4) the dark humus layer that
had been turned over the original ground
surface absorbs red light effectively.

The reference class for shrub removal
partly represented stands that were older
than the typical age for shrub removal.
Therefore, the red light reflectance was low
before the treatment in TMI8S data.

The reflectance change between Time=35
years and Time=90 years is not linear as was
assumed in the computational model. More
research should be done to find a better
model for the general relationship. These
models should be developed separately for
different wavelength ranges. Models applied
earlier have been created for practical
purposes to estimate the tree stem volume in
a single study (Tomppo 1988).

The weaknesses in the computational
model are not, however, critical to its use as
a basis for an automated forest change
detection system.
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Separability of change types

The number of test stands and plots in many
classes was inadequate to answer exactly how
well each class can be separated (Genderen
and Lock 1977, Cinevan 1979, Hay 1979).
However, several classifications to image
pairs TMI84/TMIBS and TMIB5/TMIR6 all
gave similar results. The exception was the
damage interpretation which gave different
results depending on whether one image of
the pair was acquired before or after the
epidemic in 1985. The results of the image
pair TMI84/SSI87 classifications were poor,
most probably due to limited ground truth
and the three year time span between images.
The results of Tukey’s tests supported the
test classification results.

Different types of changes could be
separated with different reliabilities. The
order of the separability of the change types
was somewhat different in the empirical data
from the computational reflectance data
(Section 2.3). Soil preparation could not be
separated as well as the computational
reflectances indicated, and damage could be
separated better. The order of the change
categories was, from the best separability to
the worst: 1) clear cutting; 2) damage; 3) soil
preparation; and 4) thinning cutting, deci-
duous shrub removal, and deciduous shrub
growth.

In the study, predetermined changes were
investigated. This made it possible to detect
smaller spectral changes than can be done if
satellite image interpretation is used to
update a general forest inventory (Peng
1987). Predefinition is not always possible,
however. All the changes may not be known.
An example of unknown changes, which was
found using clustering, was the obvious
Gremmeniella damage in older forests.

The clear cuts formed their own distinct
spectral class, according to the statistical tests
and empirical classifications. Clear cutting
increased the intensities in all wavelengths.
The relative increase was largest in the red
light. Clear cut and deciduous shrub growth
classes were the only change classes studied
which increased the near infrared intensities
(Fig. 22b).

According to the empirical data, thinning
cutting, damage, and soil preparation had
only a minor effect on the near infrared
reflectance. Figure 47b indicates an increase
in the near infrared radiation due to soil
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preparation. The bitemporal intensities of the
soil preparation class and its reference class
show that the treatment has not changed the
near infrared intensities. The intensity diffe-
rences between the soil preparation and the
reference class in Figure 47b are caused by
the different phases of the vegetative succes-
sion of the classes.

The spectral variability of the clear cut
areas was large. For example, if the clear cut
areas were both plowed and cut between the
dates of the image acquisition, for example,
the intensities of the reflected radiation were
different than if the area had been cut only.
A three year time span between images
showed a great amount of spectral variability
within clear cut areas, due solely to the
succession of the vegetation.

Very small-area clear cuttings can be con-
fused with intensity changes caused by the
different shadow lengths. In the study, an
image pair was used where the former image
was from September and the latter from
June. The increased solar angle caused an
intensity change similar to clear cutting.
These misclassifications could not be comp-
letely eliminated using modal filtering by
segments. A small segment-size was used. A
large filtering window (segment) would have
faded the smallest clear cuttings.

Confusion of seasonal and moisture chan-
ges in an open bog with clear cuts (Saukkola
1982) was not discovered, probably because
multiple wavelengths were used instead of
the red light range only.

Thinning cuts and damage by the Gremme-
niella abietina fungus were interconnected
when many cuttings were made because of
the damage. But the two changes were also
spectrally similar, since many thinned spruce
stands were classified into the light damage
category. Ground truth for thinning cuts,
collected in normal forestry practice, seemed
to be too coarse for the interpretation of
such tiny spectral changes resulting from the
thinning cuts. Stand data did not indicate
that the separability of thinning cuts would
be better in high volume classes where the
drain is usually higher. However, the NFI
data did have a relationship between drain
and intensities within the class for thinning
cuttings. Near infrared intensities decreased
with the increased drain.

Gremmeniella damage caused a spectral
change which was detectable in satellite
scanner images. The separation of the heavy
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damage category from undamaged forest was
not as reliable as the separation of the light
damage category.

The damage grade estimation succeeded in
the light damage category only. This result
looks useless from a practical point of view.
The damage categories should be known
before the damage grade can be estimated.
The 1982 damage had been worse in the
heavy damage category than in the light.
Because of the earlier damage, the change in
the needle mass could not have been large in
the heavy damage category in 1985. Conse-
quently, the needle mass change in 1985 in
the light damage category may have been
larger than in the heavy damage category.
The luxuriant undergrowth may have increas-
ed the intensities in heavily damaged forests
(Colwell 1974).

Damage detection with monotemporal
images hardly succeeds. Results of the
modeling with Landsat channels suggest that
satellite image aided estimation of traditional
forest variables would give incorrect results if
a damage epidemic is ongoing.

The spectral change due to autumn colora-
tion in image TMI84 was inversely related to
the change by damage. The intensities of
deciduous trees decreased in the visible light
channels and increased in the near infrared
channel from image TMI84 to image TMI85
(Gates 1970, analogous images of this study).
Thus, the seasonal change could nullify the
spectral change due to the damage.

The connection of the infrared radiation
to the thinning cutting and damage was
unclear, as presented in Section 2.3. The
spectroradiometer measurements indicated
that the reflectance of the needles decreased
due to Gremmeniella damage. The decrease
in the reflectance was caused either by
increased absorptance or by transmittance or
by both. The relative decrease was smaller
than the increase in the red light range. The
satellite image analyses showed a near
infrared decrease in medium damage and in
thinning cutting. On average, the near
infrared radiance of the damaged ground
truth stands was similar to the reference
stands.

The observations support the theory, pre-
sented in Section 2.2.2, that a slight decrease
in the biomass would decrease the near
infrared reflectance and a heavy decrease
would increase the reflectance. The decrease
is caused by changes in the spectral characte-
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ristics of the needles and by increased
roughness of the surface. The increase occurs
when the absorbing plant mass drops under a
critical limit and the reflectance from the
ground surface starts to control the total
reflectance.

The near infrared absorptance by the
plants is very low. The leaf absorptance of
conifers is higher than the absorptance of
deciduous trees. Williams (1991) has mea-
sured a 1 to 2 percent absorptance by sugar
maple leaves in the near infrared region. The
absorptance of Norway spruce needles was 5
to 6 percent. The near infrared absorptance
of a conifer forest stand increases when the
biomass increases, and the reflectance dec-
reases. With crops and grasses, the near
infrared reflectance and biomass have had a
strong positive correlation (Tucker 1979,
Tucker 1980, Tucker et al. 1975).

The difference in the spectral behavior
between conifers and grasses has not been
discussed much, but some studies indirectly
suggest that the plant species themselves
would be the reason. The explanation seems
to be very simple: the critical factors are the
amount of green biomass and the vertical
thickness of the plant layer. When the green
biomass is low, increase in the biomass
increases the reflectance since the leaves
reflect the near infrared radiation better than
the bare soil. After a certain threshold in the
amount of biomass, the near infrared reflect-
ance starts to decrease. The decrease starts
when the biomass of the canopy is high
enough to begin to prevent the transmittance
of the radiation to the soil or dead organic
material. Then, the absorptance of the
canopy starts to control the reflectance. The
decrease continues until all of the incident
radiation not reflected from the very surface
of the canopy is absorbed. The reflectance of
such a canopy is the same as the reflectance
of the upper surface. The biomass of
grasslands differs dramatically from the
biomass of forests. In Tucker (1979), the
highest dry mass in a grassland was 3 500
kg/ha, when in a boreal forest in Finland the
above-ground dry mass of trees only can
more than 100 000 kg/ha, 30 times as much
as the mass of grasses (Mélkénen 1974).

The mechanism should be similar with
deciduous trees, conifers, and other plant
species. The reflectance drop starts earlier
with conifers than with deciduous trees since
the near infrared absorptance of the conifers
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is higher. The spectral characteristics of
needles and deciduous tree leaves are similar,
however. The higher absorptance of a conifer
stand is caused by the layered structure of
the crown (Oke 1987). This permits a larger
part of the radiation to go directly to the
lower parts of the canopy. The radiation, if
reflected upwards, hits the needles in the
upper parts of the canopy. Those needles can
absorb the radiation or reflect it downwards
again.

The theory suggests that the near infrared
reflectance from deciduous tree forests would
level out in lower biomass levels than the
reflectance from conifer forests. Thus, the
biomass estimation in conifer forests should
succeed better than the biomass estimation in
deciduous tree forests. On the other hand,
the lower near infrared absorptance of
deciduous trees may be an opposite factor to
the crown cover structure in biomass estima-
tion. In Finnish boreal forests, it is hard to
get data that is extensive enough for
deciduous tree biomass estimation.

Results of the needle spectroradiometer
measurement were in partial disagreement
with needle measurement results on Pinus
pinaster by Guyot and Riom (1988). Guyot
and Riom observed an increased reflectance
in the near infrared range from damaged
needles. The probable reason for their results
is that the damaged needles were very dry
during the measurement (Williams 1988).

A relationship between elevation and
damage was observed in the field plot data,
although the area of the plots covered only a
few hundred hectares and the total variation
in the elevation was only 26 m. Also, compa-
rison of elevation distributions of the areas
classified as damaged in the general elevation
distribution indicated that elevation and
damage are related. Consequently, the topo-
graphical data may be very useful in the

Gremmeniella damage interpretation.

The relationship between Gremmeniella da-
mage and topography seemed to have micro
and macro scale characteristics. The micro
scale characteristic could be noticed in the
field. The worst damage occurred in depres-
sions that may have been very small. The
resolution of the elevation model was too
coarse to separate small depressions when
local elevation was calculated. Furthermore,
local cold air concentrations were not only
caused by the ground’s topography but also
by the vegetation, e.g. the edge of an older
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forest. A macro scale characteristic was that
most damaged areas were on the lower slopes
of the highlands. Still, the damage was
concentrated in local depressions, but in this
case “’local” means an area of some tens of
kilometers in diameter instead of some tens
of meters.

The slightly colder climate in the depres-
sions of the highlands was only one factor
typical of the damaged area. A related factor
was the possible impact of the genesis and
morphology of the soil. At least part of the
area had not been under water since the last
continental glacier melted (Haavisto 1983
ed.), which may make those soils different
from the other forest soils. Further factors
were the closeness of the bedrock, and often
the quite poor site type. The closeness of the
bedrock can impede rapid water drainage in
the root layer, which can cause aeration
problems for the roots. Combinating the
interpretation result with other existing
information helps to understand the interac-
tions better (Fig. 38 and 39, Section 5.6).

Part of the soil preparations on regene-
ration areas could be detected, although the
real spectral change was much smaller than
the computational change.

The poorer separability of soil preparation
may be, in addition to the spectral characte-
ristics of the elements, due to the hetero-
geneity of the plowed areas which increased
the deviations of intensities. The damaged
areas were separated better than expected
due to their spectral homogeneity in these
data.

Analysis of image pair TMI8S/TMI86
data indicated that detection of shrub
removal can succeed. Also, the empirical
reflectance model showed relatively big
spectral changes due to shrub removal. Lack
of test data makes the evaluation of the
classifications uncertain. Some seasonal chan-
ges on open bogs were confused with the
shrub removal class.

Tests with the NFI plots and image pair
TMI84/SSI87 supported the hypothesis that
the appearance of deciduous shrubs on
regeneration areas can be detected. Shrubs
were detected due to increased near infrared
intensities. The classification results were
confusing, however. The stands from which
the deciduous shrubs were removed were
largely assigned into the deciduous shrub
growth class. No plots were available to test
the shrub growth class. Class statistics for
this class were computed using 14 observa-
tions only. Hime T.

Features

In general, the best spectral features were the
red light (TM3) and the near infrared
radiation (TM4), which did not correlate
with other channels especially well. The
adding of the middle infrared (TM5 or TM7)
and the blue-green light (TM1) increased the
performance of the classification for the
input data. The high standard deviations of
the TMS intensities in the maximum likeli-
hood classification models suggest that the
middle infrared data includes information
that does not have a very close relationship
with the traditional stand variables. In the
unsupervised classification model, deviations
for TMS were not higher than for other
channels. In this model, the TMS channel
seemed to be very useful in separating
damage classes.

According to the spectroradiometer mea-
surements and the spectral value analyses of
the Landsat TM images, the best individual
channels to separate thinning cuts and
damage from the unchanged forest were red
light (TM3), middle infrared (TMS5), and near
infrared (TM4), in that order (Hime 1988b,
Olsson 1989). The TM4 channel was not
useful in classification, but it was effective in
regression analysis to estimate the damage
grade when the damaged forest was sepa-
rated from other forest. The sensitivity of the
near infrared to the damage grade must be
due to its good transmittance trough the
canopy. The radiation reaches the lower
parts of the crown which suffer most of the
needle loss.

The role of the middle infrared channel
TMS5 is somewhat uncertain. It was the best
channel to separate the obvious damage
classes in clustering. Olsson (1990) has found
channels TM5 and TM7 the most useful in
the detection of thinning cuts. The usefulness
of those channels in his study can partly be
due to the calibration of bitemporal images
which had succeeded well in the middle
infrared range.

An explanation for the relative weakness
of the principal components and canonical
variables is that the changes of interest
covered only a minor part of all intensity
value variation. Then, the changes occurred
in the lower components together with the
noise. The canonical transformation, based
on the intensities of the ground truth areas,
was only slightly better than the other
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operations for bitemporal images. Even the
training areas seem to have had so much
spectral variation, other than what was due
to the changes, that the transformation was
not helpful. A canonical transformation to
difference channels might have worked
better, but there is not much need to
compress the difference channel data. The
calculation of difference channels already
reduces the amount of the data to half of the
original.

The widely used ratio channels did not
work very well. All channels, except the near
infrared, reacted similarly to the changes,
which does not support the use of channel
ratios. Also, when the absolute values are
small, relatively small value differences
change the ratio a lot. The ratio operation
may increase the significance of noise. In
some cases, increased red and decreased near
infrared intensities were related with damage.
This could provide justification to use the
red/near infrared channel ratio.

The only textural channel computed, local
variance, was disruptive to classification
when it took the place of the DI channel.
The spatial resolution of Landsat TM seemed
to be, according to this single experiment,
too coarse to compute a textural channel for
change interpretation purposes. The separa-
tion of soil preparation, and perhaps thin-
ning cuttings too, could be better if a textural
channel were available from an image having
a higher spatial resolution. Spot panchroma-
tic data with 10 m by 10 m pixel size might
include valuable textural information. These
data were not available for this study.

The most useful arithmetic image opera-
tion was difference channel calculation, but
matching of the histograms before the
difference channels were calculated did not
prove useful. Rather, it was slightly disrup-
tive.

A conclusion of the feature testing is that
an arithmetic image operation should not be
done automatically as is often the case in
many forestry remote sensing applications.
Also, the same feature set seemed to be
suitable for all classes. Consequently, all
classes can be interpreted simultaneously.

Temporal aspect, illumination, and atmosphere

The classification with transferred statistics
could usually only separate some clear cuts.
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The image histogram matching method that
was used may not have been optimal.
Seasonal factors and the Gremmeniella da-
mage made the scaling more difficult. It is,
however, probably very difficult to find an
image calibration method that makes possib-
le direct evaluation of older class statistics if
the detection of change is difficult, even
when using ground truth.

The use of tritemporal summer image data
gave good results in the classifications,
although the middle infrared spectral range
was missing. The result supports the theory,
presented in Section 5.2.5., about recovery
after a rapid change. The input data in the
tritemporal classifications were difference
channels. Thus, the variation in image data
was largely caused by the change.

Temporal information in the form of
winter images did not appear useful. The
main problem was the dramatic reflectivity
difference between trees and snow. Relatively
small differences in the canopy structure —
which are not necessarily related to the
traditional forest stand variables — cause big
changes in the intensities. Cutting debris on
the snow, bare spots, and snow and frost on
the branches make winter images less useful.
The snow and frost on branches were
recorded every day in March for the study.
The information was, unfortunately, lost
after recording. Winter images may be used
in ecological studies, together with summer
data, but the reflectivity difference may
always be a problem unless the aim of the
interpretation is to map the snow itself
(Ritari 1987, Kuittinen 1988).

Different solar elevation angles in images
TMI84 and TMI8S may be one reason why
the spectral changes in spruce forests were
similar to changes by damage in pine forests.
The reflectance of long spruce crowns with
high needle mass should not be sensitive to
the solar angle, because the needle layer in
vertical direction is thick enough not to
transmit the near infrared radiation. How-
ever, the form of the crowns causes specular
reflections. In low solar angles, the specular
reflection can turn to nadir, causing a high
near infrared intensity (cf. Wastenson et al.
1988). In the image pair, used for damage
inventory, the older image had a lower solar
angle of 29 degrees. The specular reflection
to nadir with a 29 degree solar elevation angle
would require a branch angle of -30.5
degrees measured from horizon level. The
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specular reflection with the 49 degree solar
angle of the June image would demand a —
20.5 degree branch angle.

In the analogous images of the TM4
difference channel, a decrease of the near
infrared could be detected both in pine and
in spruce forests. The homogeneity of the
decrease was different. An even decrease
could be seen in pine forests. The near
infrared difference channel intensities varied
more in spruce forests. Kleman (1986)
measured only pine stands with different
solar angles. The effect of the solar angle was
not strong in the near infrared.

Different solar angles could also have
made the separation of the damage easier.
Thus, the visible light reflectance of all pine
stands may have increased from September
1984 to June 1985 (Kleman 1986). The
damage may have exaggerated the increase.

It was doubtful whether different air and
canopy moisture levels had any impact on
the results. Decreased moisture from TMI84
to TMIS85 could partially explain the increase
in TMS intensities, but according to some
recent studies (Ahern 1988), the TMS5
intensities do not reflect needle moisture.
Rather, they reflect the fraction of damaged
foliage and bare and lichen-covered branches
within a pixel. Thus, they would indicate
similar things in the visible channels. Olsson
(1991) has observed no big impact of soil
moisture on the Landsat TM intensities in
boreal forests.

Radiometric and spectral resolution

Spectral changes by thinning cuttings, soil
preparation and deciduous shrub removal
were close to the radiometric resolution limit
of the Landsat TM and Spot satellite images.
Better sensitivity of the sensors could make
the separation of those changes easier. The
increased noise in the images of better
radiometric resolution can be partly elimi-
nated using image segmentation and other
contextual techniques. The spatial resolution
could not be much coarser either. The
opportunity to detect field changes with
minor spectral impact is less with Landsat
MSS data than with TM data. The field
content of each MSS pixel is much more
heterogeneous than the content of a TM
pixel.

Spectral resolution is less of a problem.
Red light and near infrared radiation chan-
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nels alone give quite good results. Landsat
TM channels are almost optimally located
for damage detection according to the
spectroradiometer measurements. Neverthe-
less, very narrow, 2 — 5 nm wide channels,
would be very interesting in damage inven-
tory. The narrow channels would make it
possible to detect the transfer of the
inflection point of the reflectance curve
between red light and near infrared radia-
tion. Also, the narrow channels could be
effective in detection of the radiation absorp-
tion by photosynthesis.

Interpretation methods

The supervised classification methods in
general, and the maximum likelihood method
in particular, were most suitable for inter-
preting changes. Regression analysis could be
used in some cases to estimate the grade of
the change, but not to separate changed
forest from unchanged. The problem with
the unsupervised methods seem to be the
enormous amount of different changes bet-
ween the images. The changes of interest to
everyday forestry often cover a small area
when compared with the seasonal changes,
for example (Peterson 1989). The unsuper-
vised method can not find specific changes,
because no supervision exists to specifically
separate them. Furthermore, the intensities
of scanner images do not form clear clusters.
The clustering may mainly just divide data
into smaller fractions rather than extract
different canopy types.

Targeted changes often occur in stands
with limited or no tree cover. This makes the
unsupervised method even more difficult.
Open areas usually have higher variations in
intensities than older forests. A high spectral
variation produces many classes in most
unsupervised methods. The main benefit of
the unsupervised method in this study was
that a change in older pine forests was found,
which was most probably caused by the
Gremmeniella-fungus. This type of damage
was not separated using the supervised
classification since the ground truth was
mainly from younger forests.

Although the maximum likelihood classifi-
cation using change and reference classes was
the best method to separate minor spectral
changes, it has some weaknesses. First, the
main weakness may be that it requires high
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quality ground truth data. The classification
result may be weak and hard to predict if
ground truth data do not completely repre-
sent field classes, and if no threshold value is
used or if it is low. Second, the proportion of
a class in the final classification may be low
if the variance of the spectral variables is
high. The a posteriori probability of a class
membership can be low even at the mean
intensity vector. Third, if the distribution of
the class intensities is far from multinormal,
the assumptions of the method are not in
effect, and the results are suboptimal. The
class distribution usually approaches multi-
normal when the amount of pixels per class
Srows.

Ground truth

The incomplete ground truth caused prob-
lems in the evaluation of the results. The
main ground truth data, stands of the
National Board of Forestry, were originally
collected during operational forestry plan-
ning. The field inventory had been made
about ten years before the acquisition of the
first image. The change information was
collected separately by the field personnel of
the National Board of Forestry. No field
measurements were made. The most serious
difficulty with the ground truth was the
unreliability of the stand boundary delinea-
tion. The delineation was checked visually
using the satellite data. The checking indi-
cated obvious errors in stand boundary
delineation and also in the geometric per-
formance of the stand map. The boundaries
were not corrected on the basis of the
intensities because of the danger of manipu-
lating the results. Whole stands with very
unlikely intensities were rejected. Further
restrictions in the stand data were the
coarseness of the stand variable values and
lack of damage information.

The Gremmeniella damage data was accu-
rately measured. The main restrictions were
the small amount of the data and lack of a
completely healthy forest. Also, the under-
growth was not estimated. The damage
varied greatly within small areas. The degree
of damage was assumed to be the same in the
radius of 20 — 40 m from the center of the
plot. This may not always have been a
correct assumption (Alajirvi 1991). The data
were concentrated on stands at the age of the
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first thinning. They represented this canopy
type relatively well.

The NFI data were measured accurately
twice. The measurement dates matched the
times of image acquisition well. Prelimi-
narily, the NFI data were assumed to be the
best ground truth. The analyses showed that
there were far too small a number of
observations in the change classes. The
proportion of changes from the total area
was too small to apply sampling of this type.

In the study, the most important rapid
changes were studied. Studying of many
changes lead to the need to use predominant-
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ly existing ground truth data. If only one
change type had been selected, the ground
truth could have been more accurate. The
analyses showed that the spectral characteris-
tics of different field changes were similar.
Concentration on a certain field change type
would have made it difficult to form a
general view of the possibilities for change
interpretation. Furthermore, before of the
study it was difficult to know what kind of
ground truth would have been optimal. A
good example is the presumed usefulness of
the NFI data.

Hime T.

PART II

7. On the practical use of satellite image aided
change detection

The areal proportion of changes that are
important to forestry is quite high. Some
change was registered on one third of the
plots measured in 1984 and 1987 in the
National Forest Inventory data. Thus, a
change had occurred in about ten percent of
the plots per year. About half of the changes
were “traditional” cuttings. The proportion
of change plots might have been even higher,
if the field crew had registered the Gremme-
niella damage as a change in the 1984 —1987
time period.

Satellite image aided change detection can
be used for updating forest map systems,
helping normal treatment planning, updating
sampling inventory results, and giving infor-
mation for ecological investigations. Known
change types can be localized and mapped,
and poorly known changes can be found.

The most straightforward applications are
treatment planning and ecological investiga-
tions. The interpretation result shows direct-
ly, for instance, the general location of
damaged areas and areas with fast deciduous
shrub growth. Updating a digital map system
and sampling inventory results needs field
work to support the interpretation. Checking
of the interpretation is especially important if
a total inventory is not made at regular
intervals. The detection of thinning cuttings
is so uncertain that in all cases field checking
is needed. The value of the interpretation is
that field work is only checking instead of
total inventory and that the whole area need
not be checked. In sampling inventory,
proportions of classes are corrected using
field measurements. The checking can also be
done from an aircraft using video imaging,
for example. Big cost savings can be realized
when a total inventory can be replaced with
checking (Hime 1984a).

Timing of image acquisition

The reasons for the timing of image
acquisition are similar to the timing of other
types of measurements which aim to detect

change (Section 2.1). If the aim of the
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interpretation is to detect manmade changes
and epidemic-type damage, the time span
between the images should be quite short,
optimally one year. The phase of the growth
period should be the same (summer). A short
time span gives better results because canopy
succession will fade the evidence of the
changes surprisingly fast. The marginal
utility of a third image should be evaluated
in respect to the requirements of the
interpretation. The third image, if used,
should be acquired one to two years after the
basic change. Natural changes, such as
vegetative succession, increase in the tree
stem volume, and deciduous shrub growth
should, of course, be interpreted using a
longer time span, and preferably with more
than two images.

Ground truth collection

Changes that have only a slight spectral
impact and cover a small proportion of the
area, require ground truth which is carefully
collected for image interpretation purposes.
The ground truth collection should be
included in the normal operation of a
forestry organization.

The ground truth should consist of stand-
type data, collected either by using stratified
sampling where the strata are the different
treatment types in a forest management plan,
for example, or by subjective selection. The
selection procedure involves the risk that the
change classes do not represent all changed
areas. Nevertheless, it seems to be the best
way to separate classes with small intensity
changes. National forest inventory type data
are not very suitable for the ground truth of
manmade changes. Although the proportion
of the changes is quite high, the number of
fresh changes, suitable for the ground truth,
is often inadequate. Furthermore, plot samp-
ling may prevent selection of very many
pixels surrounding the plot and may assume
that their field content is similar. Image
segmentation could be used to find homoge-
neous forest surrounding the plot. But in the
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case of thinning cuts, for example, it might
be very difficult to find the boundary of the
cut.

The changed ground truth stands and
unchanged reference stands should be loca-
ted in the same type of forest, possibly next
to each other. Care should be taken that the
field data is geographically representative
(e.g. Poso 1988). To prevent pixels from
other stands from disturbing the spectral sta-
tistics, the delineated boundaries of ground
truth stands should be closer to the stand
center than are the true boundaries. The
intensities in this study, were selected from
the whole stand which may have made the
separability of the classes weaker.

An auxiliary result of the study is related
to the collecting of ground truth variables. It
would be useful from the standpoint of
satellite image interpretation if the forest
density, stems per hectare, is included in the
forest variables measured. It was, together
with the stem diameter, the best independent
variable when the spectral channels were
modeled. It was especially important for the
image TMI86 acquired after the Gremme-
niella damage.

The damage grade estimation method,
used in the field inventory, was good. The
damage percents had linear correlations with
the TM4 intensities. The field method is even
more appropriate, since it considered the
effect of damage to the future life of the
trees. Two damage classes were separated in
the study. The applied limit, 30 percent
needle loss, should be tested later with new
data sets.

Either stand-type ground truth or national
forest inventory plots could be used for the
interpretation of gradual, long term changes.

Use of different interpretation methods

Maximum likelihood classification, either
with original or difference channels, is the
best of the commonly available methods to
detect rapid small area changes, according to
the results of this study. The Gremmeniella
damage grade can be estimated using
regression analysis if the damaged area is
first separated from the surroundings and if
the canopy is not very sparse. Regression
analysis is also suitable for gradual, longer
period changes.

The benefit from the difference channels is
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that ground truth stands may not be needed
from every changed stand type. The impact
of the normal stand variables disappears, or
at least decreases, in the difference channel
operation. The confusion between the change
classes can be improved by using forest
management plan data or an interpretation
result of a single date satellite image.
Unsupervised methods should be applied
in cases where the objective is to make a
general change inventory, and where one is
interested in changes over larger areas in
which information on the changes is limited.
A time series of satellite scanner images and
an unsupervised classification method offer
interesting tools to investigate vegetative
succession and other dynamics in a forested
area. The comparison of the clustering
classes of several classifications requires
image calibration. The unsupervised methods
serve also as a first step to more careful
change analysis; they can be used, among
other things, to select ground truth areas.

Maximum performance versus meaningful
performance

Any classification procedure alone, super-
vised or unsupervised, may be biased by
individual classes as long as the classes
spectrally overlap and their true proportions
of the total field area are different. The
classifier overestimates the size of a class
whose true area is small and underestimates
a large-area class. The reason is that pixels
from the overlapping spectral area can fall in
a small-area as well as a large-area class. The
classification procedures are most likely
unbiased over classes, however.

In the maximum likelihood classification,
altering a priori probabilities can be used to
make the proportion of the most undesirable
errors smaller and decrease the bias in the
estimation procedure. The proportion of the
changes of interest may be approximately ten
percent a year. Smaller a priori probabilities
in the change classes than in the nonchanged
classes can be used to obtain areal propor-
tions that are closer to the truth than those
obtained using equal probabilities. Small a
priori probabilities cause the pixels from the
overlapping area to be more likely assigned
to the class with a higher a priori probability.

It is, of course, not always meaningful to
try to maximize overall performance. Assu-
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me, for example, that the aim is to find clear
cuttings in a forested area. The true
proportion of clear cuttings is one percent. A
classification model allocates 60 percent of
the area to the unchanged forest class. In this
particular class, clear cuttings are not
included. The other class includes all clear
cuttings and the rest of the unchanged forest.
Thus, the overall performance of the whole
classification is low, 61 percent. The result is
useful, however, because the more careful
clear cutting inventory can be concentrated
on 40 percent of the total area. A classifica-
tion model which would have allocated all
the area to the class for unchanged forest
would have given a 99 percent overall
performance, but the result would have been
useless.

In the maximum likelihood classification,
the probability setting using areal propor-
tions directly (Strahler 1980), does not seem
to work well in cases where: 1) some
classification errors are more undesirable
than others; 2) the separability of the classes
is different; and 3) some classes represent a
very small part of the area to be classified.
The best way to set the probabilities may be
a combination of the areal proportions and
spectral distances. In this study, it was
approximated by choosing the probabilities
by deduction and by trial and error. The
selected probabilities functioned similarly in
two different image pairs. The same probabili-
ties may function generally in managed
boreal forests, since the mutual spectral
relations of the classes are likely to remain
similar.

The a priori probabilities were used in the
study to get the change classes as reliable as
possible. This caused also that part of the
area with actual changes was classified as no-
change classes. Another solution would be to
try to separate the clearly unchanged (only
growth and seasonal changes) forests giving
low a priori probabilities for the non change
classes. Growth models could be safely
applied to those forests to update the forest
variable values, and the rest of the area could
be checked in the field or from an aircraft.
The performance requirements and available
funding would define how the a priori
probabilities are to be used. The relatively
high probabilities for change classes will
increase the checking work and costs when
only area classified as changed in checked.
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Updating maps

An interpretation result with a moderate
reliability will be useful if it is used as
preliminary information to be supplemented
from other sources, e.g. aerial photography
and video imaging or field checking. The
method could be used to update large-area
forest management plans. Visual interpreta-
tion or numerical interpretation approaches,
or a combination of the two, can be selected.

In the visual interpretation approach, 1) a
color composite is made by using difference
channels from a bitemporal image set, as
described in the study. The color image is
displayed as background for the stand map
in a GIS system. 2) The field changes are
delineated by visual interpretation. A sepa-
rate layer of the obvious changes is generated
to the GIS system. 3) After checking, the
original map is updated.

In the numerical interpretation approach,
the interpretation result with stand bounda-
ries is obtained automatically (Fig. 48). Some
additional rules or a primitive expert system
can be utilized to avoid young stands being
classified as clear cut areas, for instance.
Modal filtering by image segments should be
used to delineate the uniform change areas, if

Phase Change type

Rapid (man made) Slow (natural)

Summer (+winter),
longer time span

l l

Specially selected stands

Images Summer, short time span

Ground

truth Stands or piots

| I

Original or difference channels

l |

Interpretat. Supervised, (visual) Supervised, unsupervised,
method visual

Post

processing Modal filtering by image segments

Features

Output Rast transform, outputting area list

[

Comparison with old stand map

use Field or aerial checking

Final updated map

Fig. 48. Phases of satellite image-aided change detection
for change mapping.

89



the aim of the interpretation is more than to
check possible change within a known area.
The use of the result in a vector-format map
system requires generalization since the
original pixel by pixel classification gives an
enormous number of individual areas. When
a very small segment size (about 10 pixels on
average) is applied, filtering may not lead to
incorrect boundaries of the classes. In the
study, the class distributions within segments
indicated that the segmentation had usually
generalized the interpretation result well.

The third opportunity would be to output
the classification probability of the maximum
likelihood model for each pixel, separately
for each class. The output would be a normal
image file. The likelihood image of thinning
cuts, for instance, is then displayed as
background for a stand map. The final
interpretation is done visually.

The checking of the classification result is
similar in all approaches:

— Unchanged forest. Checking in experimental phase.
Aim: no checking necessary.

— Clear cuttings. No checking usually necessary. Some
additional data must be used in some cases, e.g. to
separate cuttings for forest regeneration from
clearings for road or building construction.

— Soil preparation. Aerial checking.

— Deciduous shrub removal. Aerial checking.

— Deciduous shrub growth. Grade checked from air.

— Smaller decrease in biomass than by clear cutting
(fungi damage, storm damage, thinning cutting).
Aerial, possibly also ground checking.

If the final requirement of a forest inventory
operation is a map that is completely error
free, satellite image interpretation of changes
is not useful. Some mixture of classes always
remains. Total field inventory is therefore
required.

Updating national forest inventory type data

Useful statistics about the areas of the
changes might be computed for clear cuttings
and Gremmeniella damage areas directly
from the interpretation result. The direct
statistical computation procedure would be
biased. Part of the thinning cuts will be
included in the Gremmeniella class. The areal
estimates of the deciduous shrub removal
class would require the use of a mask for
peatlands and agricultural areas. Reliable
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areal estimates of thinning cuts and plowed
forested areas may not be possible.

To make the change inventory procedure
unbiased, a field inventory should be combi-
ned with the satellite image interpretation.
Also, external statistical data, e.g. national
cutting statistics, can be applied to reduce the
bias. For instance, a procedure by Burk et al.
(1988) could be applied. In this “regression
sampling” method, the results of the satellite
image classification are corrected using
measurements of larger clusters. The true
proportion of each class, or values of
continuous variables, is measured within
clusters. Then, a regression model for each
class is calculated to correct the satellite
image classification results. The location of
the clusters can be selected using random,
systematic, or stratified sampling. The selec-
tion is independent of the image interpreta-
tion. Part of the field work on clusters can be
replaced using aerial surveying. Shuttered
video cameras offer an inexpensive tool to
obtain detailed image data both for visual
and numerical interpretation (Hame and
Rantasuo 1988). Another alternative to the
regression sampling is stratified random
sampling where the strata are the classes of
the image interpretation.

The regression sampling and stratified
sampling techniques are especially suitable
for change interpretation where the number
of variables is quite small (Cunia 1978, Poso
et al. 1987, Kilkki 1988). However, a
classification based on the most important
forestry variables can be useful in giving
good estimates of a larger number of
variables. This is possible if the correlations
between the variables are high.

One alternative is to include all main
change types in the classification when the
results of supervised and unsupervised classi-
fications are merged (Fig. 49). Another
alternative is to use the result of the
unsupervised classification to select new
training areas for the supervised classifi-
cation.

In the first alternative, the obvious change
classes of the unsupervised classification are
combined with the result of the supervised
classification if they cover an area not
classified as changed in the supervised
classification. The change classes of the
unsupervised classification are identified by
means of spectral statistics.

The supervised classification should be
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Supervised
classification

Unsupervised
classification

l l

Merging results

l

Regression sampling or
stratified sampling

|

Updating results

Fig. 49. Use of satellite image-aided information to up-
date national forest inventory type data.

used because the results are in general better
than in the unsupervised method, as discus-
sed above. Modal filtering by image segments
is applied, since a big part of the “salt and

pepper” effect may not reflect field variation
or change.

Automated forest change monitoring system

The reflectance model of this study and other
knowledge about changes in forest could be
applied to create a fully automated forest
change detection system (Fig. 50).

In this approach, neither careful image
calibration nor comprehensive ground truth
are necessarily needed. A coarse estimate of
the changed and unchanged (only ordinary
forest growth) areas should be available. The
method is most suitable for interpretation of
rapid changes, such as manmade change and
epidemic-type damage. The approach has the
following steps (bitemporal data):

1) A bitemporal image set is rectified to the same
coordinate system.

2) All 2 x 2 pixel groups which are relatively
homogeneous in respect to intensities in all channels
and both images are extracted. A 2 x 2 pixel group
is the smallest approximation of a circle within
which the intensity deviation can be computed.

3) Pixel groups are divided into 20—30 categories by
means of an unsupervised classification to the first
(earlier) image. Categories are labeled and sorted
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Multi-
temporal

1 Image rectification —
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of the groups by
groups, categories
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|
Change
extraction
I
Change identification
|~
I
Look up table or statistics
of the classes
[
—> Classification of the whole area e‘

Fig. 50. Scheme for a fully automated change detection
system.

according to tree species and biomass using their
red light and near infrared radiation intensities.

4) The intensities of the 2 x 2 pixel groups are selected
from the second (later) image by the categories of
the unsupervised classification which was made to
the first image. The standard deviation of the
categories in all channels of the second image is
computed.

5

=

If the deviation in a certain category is greater in
the second image than in the first image, another
clustering is made to the second image within this
category. In this phase, 2 or 3 categories are
separated.
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6) The change is identified by applying prior informa-
tion about the areas of the classes and the spectral
properties of the categories of the unsupervised
classification. For example, clustering of the first
image has separated a category having intensities
referring to pine dominated, midaged forest. New
clustering to the second image within this category
separates two new categories: a category which has
70 percent of the pixels, and another category which
has the remaining 30 percent of the pixels and in
which the red light intensities are higher and the
near infrared intensities lower than in the larger
category. The larger area class would be labeled
“unchanged”, and the smaller area class “dama-
ged” (Gremmeniella abietina Lagerb. fungus).

7) A look-up table will be made of the intensities of
the labeled classes, or spectral statistics are
computed.

8) All pixels of the area will be classified.

The change monitoring system can be carried
out by means of an expert system approach.
A risk of this method is that incorrect labels
are given to the classes. For instance, a
changed class may be classified as unchanged
and vice versa. Those errors are relatively
easy to correct with simple testing, perhaps
even with visual interpretation of the images.
If the time between the images is long, or if
the change is gradual, the identification of
the change is more difficult. Setting proper
standard deviation limits may need rough
standardization of the images; or rather a
mechanism that changes the deviation limits
according to the spectral statistics of the
images and circumstances during image
acquisition.

The method has similarities to the Change
Vector Analysis by Malila (1980); see Section
2.4.5. However, the images are not standardi-
zed carefully, but the spectral model is
adjusted to the new images. The aim of using
clustering to separate the changed and
unchanged pixel groups is to try to avoid a
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weakness of the Change Vector Analysis:
setting the parameters manually.

Future investigation needs

Study 1) The reflectance model as a function
of time should be developed further. Tools
for further development include spectrometer
measurements of different canopy types. The
ground truth should be comprehensive. The
traditional measurements of forest stand
characteristics are not adequate. The biomass
of the canopy elements should be measured.
The topics which should be studied are:

a) The spectral characteristics of the incident radiation
in the wavelength range of 400 — 2700 nm as a
function of the above-ground biomass and plant
species. The measurements should be made at the
ground level.

b) The relationship between spectral characteristics of
tree stem volume, needle (leaf) mass, and above-
ground biomass. The spectral characteristics should
be studied from above the canopy, using an imaging
or nonimaging spectrometer.

¢) Development of general reflectance model for tree

stem volume, biomass variables, and canopy age.

The data should be measured using imaging or

nonimaging spectrometer. Even Landsat TM and

Spot data can be used.

Spectral characteristics of carefully controlled treat-

ments in the forest. The spectral data can be

obtained using spectrometers or optical satellite
images.

Spectral impact of solar angle and moisture changes.

Spectrometer data should be obtained above the

plant canopy.

d

-

€

-

Study 2) The automated forest change
monitoring system should be completed and
tested. The phases of the study are presented
above. Study No. 2 will utilize the results of
study No. 1.

Hime T.

8. Summary

The basic aim of the study was to discover
the spectral characteristics of rapid changes
in forest and the spectral separability of
change categories through the analysis of
satellite scanner images. The change catego-
ries studied were: 1) clear cuttings; 2)
selective thinning cuttings; 3) soil preparation
for regeneration on clear cut areas; 4)
deciduous shrub removals and/or conifer
seedling thinnings on regeneration areas; 5)
pine damage caused by the Gremmeniella
abietina (Lagerb.) fungus; and 6) deciduous
shrub growth on regeneration areas. Spectro-
radiometer measurements were applied to
support the satellite image investigation. The
study was divided into two parts. Part I
concentrated on achieving the fundamental
goal. Part II was a brief discussion about
how a satellite image based change monitor-
ing system should be constructed.

PART 1

Theoretical background of spectral change
detection

Opportunities to detect rapid changes are
largely opposite to opportunities to detect
growth. Successive observations within a
short time increase the possibility to detect a
rapid change. Thus, a shorter time span is
best for all changes studied.

Four groups of sources for an intensity
change in satellite images can be separated
(Fig. 2):

1) Relationship between the reflecting and emitting
elements of plant canopy

2) Angles between illumination source, canopy, and
sensor

3) Atmosphere

4) Signal registration and processing

In vegetation studies, the only category of
interest is the first, the other categories being
disruptive.

The available information about the spectral
properties of different canopy elements were
applied to construct a model of the ref-
lectance of a pine stand during a rotation
(Table 1, Fig. 3a and b). The model
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suggested that the changes could be detected
in the following order, from the easiest to the
most difficult: 1) clear cuts; 2) soil prepara-
tion; 3) deciduous shrub removal and
deciduous shrub growth; and 4) thinning cuts
and damage.

The essential factors in the selection of the
approach to the interpretation are:

. Image acquisition
. Preprocessing

. Spectral features
. Ground truth

. Algorithms

[ N T

Images should be acquired in the same
season, if possible, to avoid the intensity
differences caused by the seasonal cycle. In
image rectification, the multitemporal images
may overlap better if they are rectified first
with each other and, after this phase, with
the map coordinate system. Using a small
pixel size in resampling reduces the intensity
shift.

The original channels of a satellite contain
all the spectral information; the problem is
irrelevant information and a large amount of
data.

Two basic types of ground truth are
available in forest applications: stand and
plot data. In forestry, stand data are
collected for operational planning and plot
data for strategic planning. The main benefit
of the stand data is that an adequate number
of observations for statistical spectral models
are usually obtained. The plots represent a
small area, but the measurements are usually
very reliable because the objective of the
sampling is to give trustworthy statistical
information.

Most often, applied change interpretation
methods should be placed in the category of
supervised methods.

According to the earlier studies, more
information is needed about the spectral
properties of changes and the optimal
spectral features used in change interpreta-
tion. According to the literature, the beha-
vior of the near infrared radiation in conifer
forests is not well understood. The main
focus of the analyses was on the spectral
behavior of the changes (Chart 1).
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Materials

The study area, centered at 61°51° N, 24°22’
E, covered a 40 km by 40 km square in
boreal forest in Southern Finland. Scots pine
(Pinus sylvestris L.) and Norway spruce
(Picea abies (L.) Karst.) were the most
common tree species.

Five satellite scanner images (three Land-
sat Thematic Mapper and two Spot HRV
images) were used for interpretation. The
images were acquired 1984 — 1987.

The ground truth data were obtained from
three sources: 1) stands by the National
Board of Forestry; 2) plots measured to
estimate the Gremmeniella damage; and 3)
twice-measured plots of the National Forest
Inventory (NFI). The stand data included
“unchanged” (only natural vegetative succes-
sion) reference stands for change categories.
The intensities of the ground truth stands
and plots were selected from satellite images.

Three topographic variables were employ-
ed as ancillary data. The intensities of Spot
images had to be corrected due to radio-
metric errors.

The objectives of the spectroradiometer
measurements were: 1) to study how Gremme-
niella abietina (Lagerb.) damage changes the
spectral reflectance of Scots pine needles; and
2) to investigate the relationship between
needle biomass and reflectance.

Data analysis

The following spectral features were compu-
ted using arithmetic image operations:

— Difference channels with and without histogram
matching

— Ratio Channels

— Principal components

— Canonical variables using canonical discriminant
analysis

The differences of the spectral means of the
classes were studied using Tukey’s tests and
discriminant analysis. Linear regression ana-
lysis was used to estimate the drain in
thinning cuttings and the magnitude of
damage.

Finally, the separability of the classes was
tested by making classifications and testing
them with external data. The classification
methods were: Euclidean distance classifica-
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tion; maximum likelihood classification; and
unsupervised clustering.

Image segmentation was utilized to gene-
ralize the result and bring the spatial aspect
to the interpretation.

Results of intensity value analyses
and classifications

Spectroradiometer measurements showed that
the Gremmeniella damage increased the
reflectance in the area of the visible light, but
decreased the near infrared reflectance. The
damaged needles differed from the healthy,
mostly in the red light. The biomass
measurements showed that, when the bio-
mass increased, the values of the reflectance
factor in the near infrared increased very
steeply.

Near infrared intensities decreased when
the drain in thinning cuttings increased.
Regression analysis could be applied to some
extent to estimate the drain if the thinned
stands were already separated from their
environment.

Damage grade and the near infrared intensiti-
es related closely until the damage grade
exceeded a certain limit. The weakening of
the relationship was due to the undergrowth
and earlier damage in the most heavily
damaged forests.

Absolute elevation was the only topo-
graphical variable which was related to the
damage grade.

Tukey’s tests indicated that usually the
original channels separated changes better
than did the transformed features. The most
useful transformed features were the differen-
ce channels. The most important spectral
ranges were the red light and near infrared
radiation. The experimental discriminant
models confirmed the results of the Tukey’s
tests. Also, the blue-green light and middle
infrared channels of the Landsat Thematic
Mapper were useful.

Following the intensities in the three year
period indicated that the recovery of a rapid
field change can result in an intensity change
which is opposite to the original change. All
rapid changes except the deciduous shrub
growth increased the red light reflectance.

The analogous difference images, compu-
ted from bitemporal data, showed a big
variation in intensities. A large part of the
image area had intensity changes.
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The best classification results were achie-
ved using the original bitemporal channels
and maximum likelihood classification, whe-
re the change classes had lower a priori
probabilities than classes which represented
unchanged forest. Thinning cuts were assig-
ned to damage classes or their reference
class, but not to their own class. Classifica-
tions where the time period between the
images was three years gave very poor
results. The main reasons were limited
ground truth and vegetative succession.
Clustering did not separate manmade chan-
ges but it separated the damage.

Map hardcopies of the classification re-
sults combined with other maps showed,
among other things, that the closeness of the
bedrock and the damage may have a
relationship. Image segmentation was useful
in finding boundaries of truly changed areas.
Change classes also included areas with
seasonal changes and manmade changes
other than treatments for forestry.

Possibilities to detect changes

The results of the study gave information
about spectral changes caused by the rapid
field changes in a coniferous stand. Because
the field changes occur at different times in
the life of a stand, information about the
general spectral behavior of stands was
obtained. Furthermore, information about
the opportunities to spectrally separate field
change types was obtained.

An empirical model of the reflectance of a
pine stand was constructed using class
statistics. It was compared to the computatio-
nal model (Fig. 46). The biggest difference
between the models was in soil preparation,
which showed much smaller spectral change
in the empirical data than in the computatio-
nal model.

The actual order of the separability of the
change types was partially different in the
empirical data from the computational
reflectance data. Soil preparation could not
be separated as well as the computational
reflectances indicated. Damage could be
separated better.

The poorer separability of soil preparation
was partly due to the heterogeneity of the
plowed areas, which increased the deviations
of intensities. The damaged areas were
separated better than assumed because they
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were spectrally homogeneous.

Predetermined changes were investigated.
This made it possible to detect smaller
spectral changes than could be done if
satellite image interpretation were applied to
update a general forest inventory.

The empirical studies supported the theo-
ry, presented in Section 2.2.2, that a slight
decrease in the biomass will decrease the near
infrared reflectance and a large decrease will
increase the reflectance. The reflectance
decrease is caused by changes in the spectral
characteristics of the needles and by increa-
sed roughness of the surface. The reflectance
increase occurs when the absorbing plant
mass drops under a critical limit and the
reflectance from the ground starts to control
the total reflectance.

The correlation between the biomass and
the near infrared radiation is negative in coni-
ferous forests because their biomass is so
much larger than the biomass of grasslands,
where the correlation is positive.

A general conclusion of the feature testing
was that an arithmetic image operation
should not be done automatically, as is often
the case in many remote sensing applications.
Also, the same feature set seemed to be
suitable for all classes. Consequently, all
classes can be interpreted simultaneously.

Spectral changes by thinning cuttings, soil
preparation and deciduous shrub removal
were close to the radiometric resolution limit
of the Landsat TM and Spot satellite images.
It is likely that better sensitivity of the
sensors could make the separation of those
changes easier.

The use of existing ground truth made it
possible to study all the most important
rapid changes. The drawback of the existing
data was their general nature.

PART 11

On the practical use of satellite image aided
change detection

Satellite image aided change detection can be
used to: update forest map systems, help
normal treatment planning, update sampling
inventory results, and give information for
ecological investigations.

The value of the interpretation is that field
work is only checking instead of total
inventory and that the whole area need not
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be checked (Fig. 48). If the final requirement
of a forest inventory operation is a map that
is completely error-free, satellite image inter-
pretation of changes is not useful. Total field
inventory is required. .

In sampling inventory, the interpretation
results must be calibrated using field mea-
surements (Fig. 49).

Maximum likelihood classification, either
with original or difference channels, is the
best of the commonly available methods to
detect rapid small-area changes, according to

the results of this study. Unsupervised
methods should be applied in cases where the
objective is to make a general change
inventory, and where one is interested in
changes over larger areas in which informa-
tion on the changes is limited.

The reflectance model of this study and
other knowledge about changes in forest
could be applied to create a fully automated
forest change detection system (Fig. 50). The
system could be carried out using an expert
system approach.
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Seloste
Metséin muutosten spektrinen tulkinta satelliittikeilainkuvien avulla

JOHDANTO

Kasvipeitteen suksessio on luonnon perustapahtuma,
jossa metsin biomassa ja kasvilajien runsaussuhteet
muuttuvat. Thminen vaikuttaa suksessioon esimerkiksi
tekemilld hakkuita ja metsdnhoitotoitd. Thmisen vaiku-
tusta voidaan kutsua suksession hairiviksi. Myés elii-
met, sienet ja eloton luonto hiiritsevit normaalin suk-
session kulkua. Hairiétyyppisten muutosten aikajinne
on lyhyt verrattuna suksession aiheuttamiin muutok-
siin. IImaston ja maaperin muutoksien aikajinne on
yleensi kaikkein pisin.

Metsitalous tarvitsee tietoa yleisistd kasvuolosuhteis-
ta, metsdvaroista ja niiden muutoksista. Kasvipeitteen
suksessiota ja siihen liittyvda runkopuun kasvua kye-
tadn ennustamaan laskennallisesti. Tiedon saaminen
akillisista muutoksista vaatii erillisid havaintoja.

Metsitalouden suunnittelun tarpeet voidaan jakaa
kahteen ryhmain: strategisen ja operatiivisen suunnitte-
lun tarpeisiin. Strateginen suunnittelu vaatii ennen
muuta luotettavia tilastotietoja laajoista metsidalueista.
Operatiivista suunnittelua varten metsivaratiedot on
paikannettava maastoon. Tiedot muutoksista on niihin
asti keritty vertaamalla perittdisten inventointien tieto-
Ja toisiinsa. Viime aikoina on operatiivisessa suunnitte-
lussa otettu kiyttoon numeerisia karttajirjestelmia,
joissa on aiempaa helpompi péivittii tietoja.

Kenttahenkilokunnan raportointiin perustuva piivi-

tysjarjestelmi tarvinnee tuekseen kontrollijirjestelman.
Kontrollijarjestelmidn avulla kyetddn havaitsemaan ja
korjaamaan tavanomaisen jirjestelmidn puutteita seki
rekisteriméain hiirioitd, jotka eivdt suoranaisesti riipu
ihmisen toimista, esimerkiksi tuhoja.

Satelliittikeilainkuvat ovat yksi mahdollinen tapa
saada aineistoa metsdvaratietojen paivittdmiseksi, kos-
ka kuvien intensiteettiarvojen ja metsda kuvaavien tun-
nusten vililld on havaittu olevan riippuvuus. Luonnon-
varasatelliittien kuvia on ollut saatavissa vuodesta 1972
lahtien.

Tutkimuksen tavoite on saada selville metsissa esiin-
tyvien nopeiden muutosten spektriset ominaisuudet se-
kd muutostyyppien spektrinen erottuvuus satelliittikei-
lainkuvien avulla. Tutkitaan kuutta nopeiden muutos-
ten tyyppid: 1) avohakkuut, 2) kasvatushakkuut, 3)
maanmuokkaus uudistusaloilla 4) taimistonhoito, 5)
mannynversosyopa (versosurma, Gremmeniella abietina
Lagerb.) ja 6) uudistusalojen vesottuminen.

Neulasten spektrisida ominaisuuksia mitataan lisiksi
spektroradiometrilld. Mittauksilla tuetaan satelliittiku-
vien tulkintaa. Tutkimuksen Osa I keskittyy saavutta-
maan perustavoitteen. Osa II on lyhyt katsaus, kuinka
satelliittikuviin pohjaava muutosten seurantajirjestelma
tulisi rakentaa.

Tutkimuksessa keskitytddn spektrisiin ominaisuuk-
siin, koska ne ovat kaiken kaukokartoitukseen perustu-
van muutosten seurannan lihtokohta. Muutosten spek-
triset ominaisuudet tunnetaan puutteellisesti.

OSA 1

MUUTOSTEN SPEKTRISEN
TULKINNAN TEOREETTINEN
LAHTOKOHTA

Akilliset muutokset havaitaan ja tunnistetaan siti hel-
pommin, mitd lahempini toisiaan ennen muutosta ja
sen jalkeen tehdyt havainnot ovat. Biomassan kasvu
taas on helpompi todeta, jos havaintojen vilinen aika-
janne on pitka.

Moniaikaisissa satelliittikuvissa havaittavat intensi-
teettien muutokset voivat johtua neljastd paitekijastd
(kuva 2):

1) Heijastavien ja emittoivien elementtien keskiniiset
suhteet,

2) Siiteilylahteen, kasvuston ja ilmaisimen viliset kul-
mat

Acta Forestalia Fennica 222

3) Ilmakeha
4) Signaalin tallennus ja kisittely

Ensimmaiseen ryhmiin kuuluvat sekd timin tutki-
muksen kannalta kiinnostavat muutokset ettid esimer-
kiksi vuodenaikaisvaihtelu, joka aiheuttaa kaikkein
suurimmat intensiteettimuutokset pohjoisissa havumet-
sissd.

Kirjallisuudesta saatua tietoa maastotyyppien heijas-
tussiteilystd kaytettiin kehitettdessd mallia, joka kuvaa
mannikon heijastussiteilyd kiertoaikana (kaava 2, tau-
lukko 1, kuva 3a ja b).

Sekid punaisen valon etta lihi-infrapunasiteilyn hei-
jastussuhde laskee, kun metsikko kehittyy aukeasta uu-
distuskypsiksi metsiksi ja kun kokonaisbiomassa li-
sddntyy. Heijastussuhteen lasku myos lihi-infrapunasi-
teilyn alueella osoittaa piinvastaista riippuvuutta kuin
on havaittu ruoho- ja heinakasvustoilla. Laskeva lihi-
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infrapunasiteilyn heijastussuhde johtunee siitd, ettd
varttunut puusto pystyy pidittimiéin sen osan tulosi-
teilystd, joka ei heijastu heti kasvuston ylaosista.

Nopeat muutokset yleensi nostavat heijastussuhdet-
ta, koska niissi biomassa laskee. Maastomuutosten
vaikutus lahi-infrapunasiteilyyn oli kuitenkin episelva
kiytettivissa olleen tiedon perusteella.

Mallin mukaan tutkitut muutokset erottuvat seuraa-
vassa jarjestyksessd parhaimmasta erottuvuudesta huo-
noimpaan: 1) avohakkuut, 2) maanmuokkaus, 3) vesa-
kon perkaus ja vesakoituminen, 4) harvennushakkuu ja
versosyopatuho.

Tulkintatekniikan valinta

Optimaalinen tulkintamenetelma siilyttaa kiinnostuk-
sen kohteena olevien muutosten aiheuttamat intensi-
teettierot, mutta minimoi muiden intensiteettimuutosten
vaikutukset tulkinnan tulokseen. Tulkinnan tulokseen
vaikuttavat:

1) Kuvien tallennuksen ajankohta ja kuvauskulma
2) Kuvien esikasittely

3) Spektriset piirteet

4) Maastoaineisto

5) Algoritmit

Valittu tulkintatekniikka selvidd kaaviosta 1. Tulkin-
taan valittiin useita vaihtoehtoja, koska kiytettavissd
olevan tiedon perusteella ei pystytty suoraan valitse-
maan parasta lihestymistapaa. Pdapaino oli erilaisten
spektraalipiirteiden testauksessa tutkimuksen tavoitteen
mukaan.

AINEISTO

Tutkimusalue, 40 km x 40 km, sijaitsi Pohjois-Hamees-
si (keskipiste 61°51° N, 24°22’ E, kuva 6, taulukko 2) ja
kisitti metsihallituksen Korkeakosken hoitoalueen
ympiristdineen. Tutkimusalue kuuluu Eteld-Suomen
keskeisiin metsitalousalueisiin. Puuston keski-ikd met-
simaalla oli 57,0 vuotta ja keskitilavuus 59,8 m3/ha.
Miinty oli valtapuuna 52,2 %:lla pinta-alasta ja kuusi
43,1 %:lla. Moreeni kisitti noin 90 % maa-alasta ja la-
jittuneet maalajit, lahinna hiekka, noin 10 %. Peruskal-
lio oli korkeintaan metrin syvyydessd suurimmassa
osassa moreenialuetta. Korkeusvaihtelu ulottui 85 m:stia
190 m:iin merenpinnasta.

Tulkinnoissa kiytettiin viitta satelliittikeilainkuvaa,
joista kolme oli Landsat TM -kuvia (Thematic Mapper)
ja kaksi Spot-kuvia (taulukko 3). Ensimmiinen TM-
kuva, vuodelta 1984, oli taltioitu kasvipeitteen ollessa
osittain syysvireissddn. Viimeisessa TM kuvassa (1986)
oli paikoin pilvia. Vuoden 1985 kuvan taltioinnin ai-
kaan alueella riehui versosyopaepidemia.
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Kuvat oikaistiin yhtendiskoordinaatistoon. Lineaari-
sen affiinisen muunnoksen tarvitsemat tukipisteet poimittiin
peruskartoista ja satelliittikuvista. Oikaisuvaiheessa
kiytettiin lihimmén naapurin menetelméa. Kuvat, yhtd
Spot-kuvaa lukuun ottamatta, oikaistiin toistensa paalle
ennen kuin ne oikaistiin karttakoordinaatistoon. Kak-
sivaiheisella oikaisulla haluttiin saada kuvat niin hyvin
paillekkain kuin mahdollista.

Spot-kuvan intensiteetteja jouduttiin korjaamaan ha-
vaitun radiometrisen virheen vuoksi.

Maastoaineistoa oli kolmea tyyppid (taulukko 4): 1)
metsihallituksen metsikdt, 2) versosyopituhojen ilma-
kuvatulkintaa varten mitatut koealat, 3) kahdesti (1984
ja 1987) mitatut valtakunnan metsien inventoinnin koe-
alat.

Metsihallituksen kenttdhenkilokunta oli rajannut
karttoihin metsikot, joissa oli tehty hakkuu tai metsin-
hoitotoimenpide annettujen aikarajojen vililla seka
muutosmetsikdiden kanssa mahdollisimman samanlai-
set vertailumetsikot.

Versosydpaaineistossa neulaskato oli mitattu yhdiste-
tyistd ympyra- ja relaskooppikoealoista puittain. Kato
laskettiin kullekin koealalle pohjapinta-alalla painotta-
en.

Metsikkdjen rajat digitoitiin ja niiden intensiteettiar-
vot poimittiin satelliittikuvista. Intensiteettiarvoista las-
kettiin metsikdittdiset keskiarvot. Versosyopakoealat
paikannettiin satelliittikuviin visuaalisen tulkinnan avul-
la ja koealaa ja sen lahiympiristod edustava alue rajat-
tiin kuviin. Alueita vastaavat intensiteettiarvot poimit-
tiin satelliittikuvasta ja niille laskettiin alueittaiset kes-
kiarvot kuten metsikkdaineistossa. Valtakunnan met-
sien inventoinnin koealaa vastaavan kuvanalkion ja li-
himpien neljin kuvanalkion intensiteettiarvot poimittiin
satelliittikuvasta. Jokaiselle koealalle laskettiin intensi-
teettiarvo poimitun viiden kuvanalkion intensiteettien
keskiarvona.

Metsikkoaineistoa ja valtakunnan metsien inventoin-
nin aineistoa jouduttiin karsimaan seuraavista syista:

— pilvet

— ilmeinen virhe maastotiedoissa
— koeala liian ldhellda kuvion rajaa
— hyvin harvinainen muutos

Metsikkoaineisto sisilsi jokaista muutosluokkaa vas-
taavan vertailuluokan. Valtakunnan metsien inventoin-
nin aineistosta oli mahdollista erottaa kaksi vertailu-
luokkaa, yksi nuorille ja yksi vanhoille metsille. Verso-
syopaaineistossa ei ollut tiysin tervetta metsad edusta-
via koealoja lainkaan.

Saatua intensiteettiaineistoa analysoitiin tilastollisen
ohjelmiston avulla. Analyysiin otettiin kaikki metsikot
ja koealat, paitsi karsitut, mutta luokituksia varten ar-
vottiin luokitusmalliin otettavat ja testaukseen kiytet-
tavit metsikot ja koealat.

Hame T.

Versosyépitulkinnoissa kiytettiin apuaineistona nu-
meerista maaston korkeusmallia, josta laskettiin myos
kaksi johdettua topografista muuttujaa, normalisoitu
nelidllinen korkeusgradientin suuruus ja paikallinen
korkeus.

Spektroradiometrimittausten avulla hankittiin ver-
sosyovin ja kasvatushakkuiden tulkintaa tukevaa tie-
toa. Tutkittiin neulasndytteistd, miten versosyopi
muuttaa neulasten heijastusominaisuuksia nidkyvin va-
lon ja ldhi-infrapunasiteilyn alueella. Mittauksen aal-
lonpituusalue oli 400 — 1000 nm ja aallonpituuskaistan
leveys 20 nm. Vastaavasti selvitettiin neulasmassan ja
heijastussiteilyn vilisid suhteita.

Taimet olivat mittaushetkelld, toukokuussa 1986,
kaksivuotiaita. Mittausnéytteisiin irrotettiin edellisen
vuoden neulasia vilittomisti ennen mittausta (kuva 9).
Versosy6pamittauksia varten mitatut niytteet olivat
kaikki noin kahden senttimetrin korkuisia kasoja, joissa
neulaset olivat satunnaisessa jirjestyksessd. Tuhomit-
tauksissa oli nelja neulasluokkaa (taulukko 7).

Neulasmassamittauksia varten tuore neulasmassa ai-
na kaksinkertaistettiin mittausten vililld. Niytteistd mi-
tattu radianssi muutettiin heijastussuhteeksi eli reflek-
tanssiksi kayttamilla radianssimittauksia BaSO,-nayt-
teestd, jonka heijastusominaisuudet tunnettiin. Heijas-
tussuhde saatiin neulasnaytteen radianssin ja tulositei-
lyksi muutetun BaSO -radianssin suhteena.

AINEISTON ANALYYSI

Analyyseissa kiytetyt spektriset muunnokset (kaavio 2)
olivat:

— Erotuskanavat

— Suhdekanavat

— Piidkomponentit

— Kanoniset muuttujat

Eriaikaisten kuvien intensiteettien histogrammit sovitet-
tiin toisiinsa ennen joidenkin erotuskuvamuunnosten
laskemista (kaava 13 ja kaava 14). Histogrammien sovi-
tuksella myos kalibroitiin kuvia samanlaisiksi testat-
taessa, voidaanko kuvaparia varten kehitetty luokitus-
malli siirtaa toiseen kuvapariin.

Luokkien keskiarvojen eroja tutkittiin Tukey'n tes-
tien ja diskriminanttimallien avulla. Vaihtelevilla spek-
tristen piirteiden yhdistelmilla (kaavio 3) lasketut mallit
testattiin syoteaineistollaan.

Lineaarisen regressioanalyysin avulla estimoitiin pois-
tumaa harvennushakkuissa sekid versosyopituhon an-
karuutta.

Muutosluokkien erottumista testattiin lopulta luokit-
tamalla koko tutkimusalue ja testaamalla luokitukset
(kaavio 4) aineistolla, joka oli jatetty ulkopuolelle esti-
moitaessa luokitusmallin parametreja. Luokituksissa
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kéytettiin kahta ohjattua menetelma, lihimman keski-
arvon menetelmii (euklidinen etdisyys) ja maximum li-
kelihood -luokitusta sekd yhtd ohjaamatonta menetel-
mai, moniulotteisen histogrammin segmentointia.

Segmentointia sovellettiin myds alkuperdisiin kuviin.
Segmentoinnin avulla kuva jaettiin keskimaérin vajaan
puolen hehtaarin osiin, joita kiytettiin suodatusikku-
noina. Kuvanalkio kuvanalkiolta -luokituksen jilkeen
laskettiin luokkien frekvenssit segmenteittdin ja seg-
mentit taytettiin yleisimmilld luokalla eli moodiluokal-
la. Segmentointia ja suodatusta tarvittiin erityisesti luo-
kitustulosten karttatulostukseen.

INTENSITEETTIARVOJEN ANALYYSIEN
JA LUOKITUSTEN TULOKSET

Spektroradiometrimittaukset

Versosy6pa nosti neulasten heijastussuhdetta nikyvin
valon, varsinkin punaisen valon, alueella (kuvat 10a,
10b, 11). Lihi-infrapunasiteilyn heijastussuhde laski
versosydvin vuoksi. Lahi-infrapunasiteily ja sinivihred
valo olivat suunnilleen samanarvoisia vaurioituneiden
ja terveiden neulasten erottamisessa ja selvisti heikom-
pia kuin punainen valo. Heikoimpia aallonpituuksia
olivat vihrea valo seki lihi-infrapunasiteilyn pisimmit
aallonpituudet, ldhella 1000 nm.

Biomassan logaritmi ja heijastussuhde olivat suoraan
verrannollisia vihredn valon ja lihi-infrapunasiteilyn
alueella. Lihi-infrapunasateilyn heijastussuhde nousi
erittdin jyrkasti biomassan kasvaessa.

Muutosten spektriset ominaisuudet

Kasvatushakkuiden poistumalla ja lahi-infrapunasitei-
Iylla oli heikko riippuvuus siten, ettd poistuman kas-
vaessa lahi-infrapunasiteilyn intensiteetit laskivat (tau-
lukko 10, kuva 13). Punaisen valon intensiteetit saattoi-
vat nousta poistuman kasvaessa. Poistuman midrad
pystyttiin estimoimaan regressioanalyysin avulla, jos
kasvatushakkuut on ensin erotettu muusta metsista
(kaava 26). Regressioanalyysi ei kyennyt erottamaan
hakattuja alueita hakkaamattomista. Parhaat aallonpi-
tuuskanavat poistuman ennustamiseen olivat lihi-inf-
rapunasiteilyn ja punaisen valon erotuskanavat lasket-
tuina ilman histogrammien sovitusta.

Absoluuttinen korkeus oli ainoa topografinen muut-
tuja, jolla oli merkitsevi korrelaatio (r = -0,48) tuhoas-
teen kanssa (taulukko 11, kuva 15).

Tuhoaste ja spektrisisti muuttujista etenkin lahi-inf-
rapunasiteily olivat riippuvuussuhteessa. Tuhoasteen
pahetessa lihi-infrapunasiteilyn intensiteetit laskivat 30
prosentin tuhoasteeseen saakka. Tamin jilkeen riippu-
vuussuhde ei ollut selvd. Versosyopatuhosta erotettiin
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kaksi luokkaa luokituksia varten, koska riippuvuus
heikkeni 30 prosentissa. Tuhoja 30 prosentin tuhoastee-
seen saakka kutsuttiin lieviksi tuhoiksi ja korkeamman
tuhoprosentin tuhoja vakaviksi tuhoiksi.

Todennikaisin syy riippuvuuden heikkenemiseen oli
aluskasvillisuus, joka rehevoityy kasvuston harvennut-
tua riittdvisti, ja heijastaa tehokkaasti lihi-infrapunasi-
teilyé.

Vuoden 1984 TM-kuvan intensiteettiarvoista voitiin
havaita, ettd myos monet lievien tuhojen ryhméén kuu-
luneet koealat olivat vaurioituneet jo vuoden 1982 epi-
demian aikana. Erotuskuvissa suurimmat muutokset
havaittiin kaikkein terveimmissa koealoissa. Vain naissa
koealoissa tuho lienee alkanut vasta vuonna 1985. Puis-
sa on ollut paljon neulasia tuhon alkaessa ja tuho on
siten voinut aiheuttaa suuren muutoksen neulasmassas-
sa (taulukot 12 ja 13, kuvat 16 — 20).

Spektrisid muuttujia mallinnettiin metsikkémuuttujil-
la ja tuhon asteella. Mallinnuksen tavoitteena oli saada
selville, kuinka suuri osa intensiteettien vaihtelusta ky-
etddn selittdimiddan maastomuuttujilla. Lisdksi haluttiin
tietdad, mikd on metsdssd mitattujen muuttujien keski-
ndinen merkitys malleissa.

Tuhoastetta puolestaan mallinnettiin spektrisilld
muuttujilla. Menetelmand molemmissa mallinnuksissa
oli regressioanalyysi. Mallit laskettiin 61 versosyopi-
koealalle.

Lahi-infrapunasiteilyd kyettiin mallintamaan par-
haiten tuhoprosentin avulla. Muille aallonpituusalueille
parhaat selittavit muuttujat olivat runkoluku ja puus-
ton keskilapimitta (taulukko 14). My6s regressioanalyy-
si vahvisti, ettd lievat tuhot olivat alkaneet jo 1982
(kaava 27).

Tukey’n testit (taulukot 15 — 17, liite 1) osoittivat,
ettd yleensd alkuperiiset kanavat erottivat muutoksia
paremmin kuin muunnetut piirteet. Erotuskanavat, jot-
ka oli laskettu ilman histogrammien sovitusta, antoivat
parempia tuloksia kuin erotuskanavat, jotka oli laskettu
histogrammien sovituksen jilkeen. Tirkeimmit aallon-
pituusalueet olivat punainen valo ja lahi-infrapunasitei-
ly. Punainen valo oli hyédyllinen miltei kaikkien muu-
tostyyppien erottamisessa. Lahi-infrapunasiteily erotti
varsinkin tuhoja, taimistonhoito- ja maanmuokkaus-
luokkia. Erotuskanavat olivat parempia kuin samoista
syotekanavista lasketut suhteet. Talvikuva ei auttanut
muutosten erottamisessa.

Yleistulos Tukey’n testeista oli, ettd ainoastaan avo-
hakkuut voitiin selvisti erottaa muista luokista yhden
spektrisen piirteen avulla.

Piirteiden testaus diskriminanttianalyysilli vahvisti
Tukey’'n testien tulokset. Parhaat tulokset saatiin pa-
reittaisilla alkuperaisilla aallonpituuskanavilla (taulu-
kot 18 ja 19). Landsat TM -kuvien Spot-kuvia parem-
masta spektrisestd erotuskyvysta oli hyotya.

Muutosten vaikutuksia intensiteetteihin tarkasteltiin
my6s kolmen vuoden ajanjaksona (kuva 21a ja b ja ku-
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va 22a ja b). Kasvatushakkuu ja versosydpétuho nosti-
vat hieman punaisen valon intensiteettejd. Vuoden-puo-
lentoista kuluttua hakkuusta seurasi pdinvastainen
muutos: intensiteettien lasku. Kahdessa tai kolmessa
vuodessa hivisi lievin tuhon ja harvennushakkuun vai-
kutus heijastussiteilyyn. Intensiteettimuutokset olivat
kuitenkin vihdisia.

Avohakkuu nosti rajusti punaisen valon intensiteette-
ja. Intensiteetit laskivat hieman, kun hakkuusta oli ku-
lunutrunsas vuosi. Maanmuokkauksen vuoksi ne nou-
sivat uudelleen samalle tasolle kuin vilittémasti hak-
kuun jilkeen.

Taimistonhoito aiheutti samantapaisen muutoksen
kuin maanmuokkaus. Taimistonhoitoalueet erosivat
maanmuokkauksista korkeampien ldhi-infrapunasitei-
lyn intensiteettien vuoksi.

Kuva 23a, b ja ¢ havainnollistaa, ettd eri luokkien
maastohavaintojen intensiteettiarvot olivat usein limit-
tdin.

Analogiset kuvat

Erotuskanavista tehdyt analogiset kuvat (kuva 24a, b ja
¢, kuva 25a ja b, sekd kuva 26a ja b) havainnollistavat,
ettd eri vuosien kuvat eroavat yllittivan paljon toisis-
taan. Kuvasta 26 havaitaan, kuinka kasvipeitteen suk-
sessio on edennyt uudistusaloilla avohakkuun jalkeen.
Virikuviin erotuskanavat laskettiin osin eri lailla kuin
testejd varten, jotta saatiin aikaan mahdollisimman vi-
rikés lopputulos ja haluttu visuaalinen vaikutelma.

Luokitukset

Intensiteettien hajonnat nousivat muutosten vuoksi
(taulukko 21).

Osaan luokituksista sovellettiin alempia ennakkoto-
dennikoisyyksia muutosluokille kuin muille luokille.
Syyna oli, ettdi muutosten pinta-ala oli pienempi kuin
muiden luokkien pinta-ala ja ettd luokkien intensiteetti-
jakaumat peittivdt toisiaan. Ennakkotodennikdoisyyk-
sien valinnassa testattiin niiden laskemista luokkien ole-
tettujen pinta-alojen mukaan (kaava 31). Menetelmi ei
ottanut huomioon luokkien intensiteettien sekoittumis-
ta. Lopulta paddyttiin todennikoisyyksien valitsemiseen
paattelyn seka yrityksen ja erehdyksen avulla (kaava
32).

Luokitusten (kaavio 4) pinta-alajakaumat (kuvat 28
30) viittaavat muun muassa siihen, etti versosydpétuho
ei juuri ollut jatkunut vuoden 1985 epidemian jélkeen.
Kun muutosluokille annettiin alemmat ennakkotoden-
nidkoisyydet kuin muille luokille, niiden pinta-ala oli
noin 70 prosenttia siitd, mitd muutosluokkien pinta-ala
oli yhti suuria ennakkotodennékdisyyksid soveltaneissa
luokituksissa. Kuvasegmenteittdin tehty moodisuodatus
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alensi muutosluokkien pinta-alan noin puoleen suodat-
tamattomiin kuviin verrattuna (kuva 31). Kuvien seg-
mentointi oli 16ytanyt tasakoosteiset alueet hyvin, sillid
segmentit, joissa moodiluokan pinta-ala oli vihintdin
50 prosenttia, kisittivit 96,3 prosenttia koko kuva-alas-
ta.

Luokkakohtainen tarkkuus oli kaikissa luokituksissa
melko alhainen (kuvat 33 ja 34). Paljon paremmin erot-
tuivat muutosta edustaneet luokat yhteni ryhména
muuttumatonta metsdid edustaneista luokista. Tark-
kuuden arvioinnissa on otettava huomioon, etti luok-
kien osuudet testiaineistoissa eivit vastanneet luokkien
osuuksia todellisuudessa.

Parhaat tulokset saatiin maximum likelihood -luoki-
tuksella, jossa oli kiytetty alkuperdisii kanavia ja jossa
muutosluokkien ennakkotodennikéisyydet olivat pie-
nemmit kuin muiden luokkien. Myds erotuskanava-
luokitusten antamat tulokset antoivat kohtuullisen hy-
vid tuloksia. Tekstuurikanava ei parantanut tuloksia.
Kolmen ajankohdan aineiston kiytdsta niytti olevan
hy6tya. Luokitusmenetelmien arvottaminen tulkinnan
tavoitteesta ja inventointiin kiytettdvissd olevista va-
roista.

Muutosten erottuvuusjirjestys empiirisessd aineistos-
sa oli: 1) avohakkuut, 2) versosyopd, 3) maanmuok-
kaus, 4) harvennushakkuu, vesakon perkaus ja vesakoi-
tuminen. Maanmuokkaus siis erottui heikommin kuin
malli antoi olettaa tuhot erottuivat paljon paremmin.
Tuhoalueiden hyvi erottuvuus johtui niiden intensiteet-
tien pienistd hajonnoista. Harvennushakkuiden luokat
eivat edustaneet harvennushakkuita vaan hakkuut luo-
kittuivat usein spektrisesti samankaltaisiin, mutta pie-
nempihajontaisiin tuholuokkiin (taulukot 23 — 26).
Tuhoja (ja harvennushakkuita) edustaneet luokat erot-
tuivat todennikoisesti paremmin Kuin testimatriisit
osoittavat, silli osassa harvennushakkuiden referenssi-
luokan koealoista oli versosyopaa.

Luokitukset, joissa kuvien taltioinnin vili oli kolme
vuotta, antoivat hyvin huonoja tuloksia. Luokitusmal-
lien opetusaineistona kaytetty valtakunnan metsien in-
ventoinnin koeala-aineisto oli liilan pieni ja kasvipeit-
teen suksessio oli osin ehtinyt havittia ikillisten muu-
tosten jiljet. Myoskin luokitusmallin siirto kuvaparista
toiseen antoi huonoja luokitustuloksia. Kuvien kali-
brointimenetelmi oli ilmeisesti lilan karkea ja vuoden-
aikaismuutokset haittasivat kalibrointia.

Kiytetylld ohjaamattoman luokituksen menetelméilld
aineistosta 16ytyi yli tuhat luokkaa. Varsinkin alueet,
jotka edustivat vain osittain sulkeutunutta puustoa, oli-
vat pirstoutuneet usein kymmeniin ohjaamattoman tul-
kinnan luokkiin. Edes avohakkuut eivit erottuneet.
Klusteroinnilla sen sijaan ndytti 16ytyvdn uusia verso-
syopaalueita. Nama alueet eivat olleet tulleet esille ohja-
tuissa tulkinnoissa, koska ohjattujen tulkintojen ope-
tusaineisto oli keskittynyt nuorehkoihin metsiin. Klus-
teroinnin 16ytimille tuholuokille oli tyypillistd keski-
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infrapunasiteilyn intensiteettien jyrkkd nousu, jota ei
ollut tavattu yhta selkeini ohjatuissa luokituksissa.

Karttatulostukset muutoksista

Metsituhoiksi tulkittujen alueiden (kuvat 37, 38 ja 39)
maantieteellinen jakauma on samanlainen kuin laaja-
alaisten intensiteettimuutosten sijainti analogisissa ku-
vissa. Tuhoiksi tulkitut alueet sijaitsivat ylingdilla,
mutta eivat kaikkein korkeimmilla paikoilla (kuva 40).

Suuri osa taimistonhoitoluokkaan lukeutuneesta alu-
eesta edusti vuodenaikaismuutoksia soilla. My6s maan-
muokkausluokassa oli muuta aluetta kuin uudistusalo-
jen maanmuokkausta (kuvat 42 ja 43). Kuvasegmenteit-
tain tehty moodisuodatus erotti todelliset avohakkuut
paremmin ympiristostadn kuin alkuperdinen luokitus
(kuva 44a ja b). Moodisuodatuksella yleistetty tulkinta-
tulos voidaan muuntaa vektorimuotoon ja siirtid nu-
meeriseen karttajarjestelmain (kuva 45).

MUUTOSTEN HAVAITSEMISEN
MAHDOLLISUUDET

Tutkimus antoi tietoa spektrisistd muutoksista, joita
havupuumetsikoissa tapahtuvat maastomuutokset ai-
heuttivat. Koska maastomuutokset esiintyvit metsikon
elinkaaren eri vaiheissa, saatiin tietoa metsikdiden ylei-
sestd spektrisesta kayttaytymisesti. Myds muutostyyp-
pien spektrinen erottuvuus selvitettiin.

Taulukossa 21 esiintyvien luokkien intensiteettiarvo-
jen avulla laskettiin empiirinen malli ménnikén heijas-
tussateilyksi kiertoaikana (kuva 46a ja b seki kuva 47a,
b ja c). Malli oli samankaltainen kuin aiemmin esitetty
laskennallinen malli. Suurimmat erot ovat maanmuok-
kauksen luokassa seki heijastussuhteen alenemisen no-
peudessa puuston vanhetessa. Maanmuokkaus nosti
empiirisessi aineistossa paljon vihemmin punaisen va-
lon heijastussuhdetta kuin laskennallisessa mallissa.
Heijastussuhteen aleneminen ei ole lineaarista, vaan
suhde alenee nopeasti puuston sulkeutumiseen asti, jol-
loin se on jo hyvin lahelld uudistuskypsin metsikén in-
tensiteetteja.

Tulkinnassa oli mahdollista erottaa intensiteeteiltdin
vihaisempia muutoksia, kun muutokset nimettiin etu-
kiteen, kuin jos olisi yritetty havaita muutoksia satel-
liittikuviin pohjautuvassa yleisinventoinnissa.

Empiiriset havainnot tukivat luvussa 2.2 esitettya te-
oriaa havumetsien ja lihi-infrapunasiteilyn suhteista.
Lievd harvennushakkuu tai tuho saattaa alentaa lihi-
infrapunasateilyn heijastussuhdetta ja satelliittikuvien
intensiteetteja. Lasku johtuu neulasten heijastusominai-
suuksien muutoksista sekd kasvuston rakenteen muut-
tumisesta aiempaa epitasaisemmaksi. Epitasaisuus li-
sdd kasvuston varjoisuutta. Voimakkaampi hakkuu tai
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tuho nostavat heijastussuhdetta, kun absorboiva bio-
massa alittaa tietyn kynnysarvon. Kynnysarvo alittuu,
kun merkittdva osa heijastuneesta ldhi-infrapunasitei-
lystd tulee muualta kuin puustosta. Viljelysmaat poik-
keavat ldhi-infrapunasiteilyn heijastusominaisuuksil-
taan metsistd, koska niiden biomassa voi olla vain noin
kolmaskymmenesosa metsien biomassasta. Viljelysmail-
la osa heijastuneesta lahi-infrapunasiteilystd on aina
periisin muualta kuin kasveista.

Teorian mukaan havumetsien heijastussateily vakiin-
tuisi havumetsissa korkeammalla biomassatasolla kuin
lehtimetsissa. Ero johtuu monien havupuiden latvusten
muodosta. Tulositeily paisee tunkeutumaan syvemmal-
le kasvustoon havumetsissi kuin epitasaisissa lehtimet-
sissd. Havumetsien biomassan estimointi heijastussatei-
lyn avulla tulisi onnistua paremmin kuin lehtimetsien.
Havupuiden latvusten muoto aiheuttaa my6s niiden al-
haisen heijastavuuden lahi-infrapuna-alueella.

Tuhoalue sijaitsi karuhkolla ylingélld, joka oli osit-
tain niin sanottua vedenkoskematonta aluetta. Avokal-
lio oli useissa kohden lahelld pintaa (kuvat 38 ja 39).

Parhaat spektriset piirteet muutosten havaitsemiseksi
olivat punainen valo, ldhi-infrapunasiteily seka keski-
infrapunasiteily. Kuvissa oli niin paljon muuta kuin

muutoksista johtuvaa vaihtelua, ettd paikomponentti-
muunnokset ja kanoniset muunnokset eivit toimineet
hyvin. Samasta syystd ohjatut luokitusmenetelmat an-
toivat parempia tuloksia kuin ohjaamaton menetelmé.
Talvikuvat eivit osoittautuneet hyddyllisiksi, koska lu-
men heijastussuhde on niin paljon suurempi kuin kas-
vipeitteen.

Kuvien radiometrisen herkkyyden parantumisesta
olisi todennikoisesti hydtyd muutosten erottamiselle,
samoin maastonerotuskyvyn. Nykyisten satelliittikei-
lainkuvien spektrinen erotuskyky ei ndytd olevan kriit-
tisin tekija muutosten tulkinnan kannalta.

Vaikka maximum likelihood -luokitus ndyttda par-
haalta yleisesti kiytettivissd olevalta muutosten tulkin-
tamenetelmaltd, sen puutteena on korkeat vaatimukset
maastoaineistolle. Maastohavaintoja taytyy olla paljon
ja intensiteeteiltdén liheisten luokkien hajontojen tulisi
olla samankaltaisia.

Maastoaineisto oli alun perin keritty muihin tarkoi-
tuksiin kuin kuvatulkintaan. Se oli tdsta syysté osittain
epatarkka. Toisaalta aineisto oli monipuolinen ja mah-
dollisti kokonaiskuvan saamisen muutosten spektrisistid
vaikutuksista.

OSA II

SATELLITTIKUVIIN PERUSTUVAN
MUUTOSTEN TULKINNAN KAYTANNON
SOVELTAMISESTA

Muutosluokkien pinta-ala oli valtakunnan metsien in-
ventoinnin aineistossa noin 10 prosenttia vuodessa.
Vain puolet muutoksista oli hakkuita.

Satelliittikuviin perustuvaa muutosten seurantaa voi-
daan kédyttad metsdtaloussuunnitelman paivityksessa,
metsdn kisittelyn suunnittelussa, otantainventoinnin
paivityksessi seké ekologiseen tutkimukseen.

Kuvien taltioinnin ajoituksessa voidaan noudattaa
samoja periaatteita kuin muidenkin mittausten ajoituk-
sessa. Kuvien aikajdnteen tulee olla lyhyt, jos ollaan
kiinnostuneita ékillisistd muutoksista ja pitka, jos halu-
taan havaita kasvua. Kuvien tulee olla keséajalta, mie-
luiten heiné-elokuulta.

Maastoaineisto on syyta kerata erikseen kuvatulkin-
taa varten, kun halutaan seurata muutoksia, joiden vai-
kutukset intensiteetteihin ovat vihiisid, kuten kasva-
tushakkuita tai taimistonhoitoa. Paras maastoaineisto
koostuu muutosta edustavista metsikoistd ja muuttu-
mattomista referenssimetsikoistéd, kuten tdssa tutkimuk-
sessa. Metsikkotiedot voidaan kerétd normaalin talous-
toiminnan yhteydessia. Muutosmetsikén viereinen met-
sikkd voidaan usein ottaa vertailuluokkaa edustavaksi
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metsikoksi. Intensiteettiarvot on syytd poimia pienem-
maltd alalta kuin metsikon todelliset rajat.

Muutosten tulkintaan lasketaan maximum likelihood
-luokittelumalli kayttaen joko alkuperiisida kanavia tai
ilman histogrammien sovitusta laskettuja erotuskana-
via. Erotuskanavien etuna on, ettid kasvustojen biomas-
sa- ja kasvupaikkaerojen merkitys vihenee, jolloin
luokkia tarvitaan vihemmin ja selvitiain vihemmalla
maastoaineiston keruulla. Haittana on muutosluokkien
sekoittuminen keskendin. Ohjaamaton tulkinta on syy-
ta yhdistad muutosten tulkintaan, jos kaikkia muutos-
tyyppejé ei tunneta hyvin ennalta.

Muutosten estimointimenetelmén harhaisuutta pys-
tytddn vahentimain antamalla pienemmait ennakkoto-
dennikoisyydet muutosta edustaville luokille kuin muil-
le luokille, jos muutosluokkien oletettu pinta-ala on
pienempi kuin muiden luokkien. Harhaisuuden mini-
moiminen tulkintavaiheessa ei kuitenkaan ole aina jar-
kevad. Mikili esimerkiksi tavoitteena on tehdi tarkka
kartta muutoksista ja hankkeeseen on kiytettdvissi
runsaasti varoja, kannattaa pyrkid siihen, ettd kaikki
muutokset lukeutuvat muutosluokkiin, vaikka ndihin
luokkiin lukeutuisi paljon muuttumatontakin metsialu-
etta. Maastotarkastukset voidaan silloin keskittda muu-
toksiksi tulkittuihin alueisiin.

Keskipitkin aikavilin operatiivista suunnittelua var-
ten muutostiedot saadaan visuaalisen tai numeerisen
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tulkinnan tai ndiden yhdistelméin avulla. Hyviksi kiyte-
tain paikkatietojirjestelmaohjelmistoa. Useimmat muu-
tosta edustavat tulkintaluokat on tarkastettava maas-
tossa tai ilma-aluksesta esimerkiksi videokuvauksen
avulla (kuva 48).

Tulkintatulos voidaan kalibroida valtakunnan met-
sien inventointi -tyyppistd inventointia varten esimer-
kiksi mittaamalla maastossa suurehkoilta, otannalla va-
lituilta alueilta, muutosten todelliset pinta-alat ja kor-
jaamalla tulkintatulosta maastoinventoinnin mukaan
(kuva 49). Piivitetyt tulokset voidaan laskea mille ta-
hansa maastossa mitatulle muuttujalle tulkintatuloksen
avulla. Tulosten luotettavuus riippuu maastomuuttujien
ja tulkintaluokkien vilisen riippuvuuden kiinteydesta.

APPENDIX 1

RESULTS OF TUKEY'S STUDENTIZED RANGE TESTS

Tutkimuksessa kehitettyd méannikén spektrisen elin-
kaaren mallin ja muun metsdn muutoksia koskevan tie-
don avulla voidaan kehittdd tiysin automaattinen muu-
tosten tulkinnan jérjestelmid. Menetelmén vaiheet ovat
(kuva 50):

1) Kuvien oikaisu

2) Homogeenisten 2 x 2 -kuvanalkioryhmien etsiminen

3) Kuvanalkioryhmien jérjestiminen klusteroinnilla

4),5) Muutoksen havaitseminen klusteroinnin tuotta-
mien ryhmien hajontoja tarkastelemalla

6) Muutoksen tunnistaminen mallin avulla

7),8) Luokituksen teko

An asterisk * means that the intensity means of classes have considered significantly different with the significance
level of 5 percent. Description of spectral features in the end of Table 1.

Table 1. Tukey’s studentized range tests to image pair TMI84/TMISgS.

R
R
R
R
R
R
R
R
R
R
3
R

Heavy d.
Heavy d. —

TMI184
ITM284
ITM384
TM484
TM584
TM684
T™M784

TMIS8S
TM285
TM385
TM485
TMS8S
TM68S
TM785

PC184
PC284
PC384
PC484
PC584
PC684

PCI85
PC285
PC385
PC485
PCS8S
PC68S

PCR184
PCR284
PCR384
PCR484
PCRS84
PCR684

PCRI185
PCR285
PCR385
PCR485
PCRS8S
PCR68S
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Local variance channel of D3. Window size for variance

SS3-TM484 without histogram matching
SS1-TM284 with histogram matching

SS2-TM384 with histogram matching
SS3-TM484 with histogram matching
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calculation 3 x 3 pixels. Used only in one final classificati-

on.
k'th principal component computed from covariance mat-

rix of a monotemporal TM image.
k’th principal component computed from correlation mat-

rix of a monotemporal TM image.
Kk’th canonical variable computed from a merged bitempo-

k’th principal component computed from correlation mat-
ral TM image pair.

rix of a merged bitemporal TM image pair.
rix of a merged bitemporal TM image pair.

SS1-TM284 without histogram matching
S$S2-TM384 without histogram matching

DTex
PCRk
BitPCk
BitPCRk
Cank
DGreen
DRed
DNIR
DMGreen

PCk

d with hi
| paired original ch

Is k and 1 of

Is without h

Channel k (1—7) of a Landsat Thematic Mapper image.

Optional yr stands for the last two digits of the year of the
image acquisition. It is used with all abbreviations but only

when the context does not tell the year.

Difference channel k calculated from paired bitemporal
Ratio feature from bitemporal matched channels k.

Channel k (1—3) of the Spot summer image.

Ratio feature from
Ratio feature from bi

image.

Difference channel k

Data: Setl and Dam. No. of observations: 256
Legend:

TMkyr

SSk

Dk

DMk

Rkl

BitRk

BitRMk
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APPENDIX 2
RESULTS OF SUPERVISED CLASSIFICATIONS
Table 1. Test result of the MLOrigAltF -classification

Table 4. Test result of the Euclidean classification to

to image pair TMI84/TMI85. image pair TMI85/TMI86.

Field Interpretation Field Interpretation
observation Ci ;ponding class in interp i observation Ce ding class in P

C T D P N Tot CCRTTR L H S SR P PR Tot.
Clear c. 6 0000 3 9 Clear c. 6 000000O0O0OO0 6
Clear c.R 001007 8 Clear c. R 0400000100 5
Th. e 107 0019 27 Th. c. 1142160000 15
Th.c.R 00 20 017 19 Thec. R 0142109 20410 42
Light d. 0 016 0 0 4 20 Light d. 02131040000 20
Heavy d. 006 00 4 10 Heavy d. 0211140100 10
Shrub r. 000O0O0O 0 Shrub r. 00000O0O0OT1O0O0 1
Shrubr. R 00 0 0 01 16 Shrubr. R 01012021320 21
Soil p. 0000 27 9 Soil p. 0010100150 8
Soil p. R 000 00 3 3 Soil p. R 000000O0OO0O00O0 0
Total 7 0320 2 8 121 Total 7259172416221 8 0 I8
Test data: Set1T, DamT Classified to clouds: 0 stands.
Legend:

D — combined light and heavy damage classes
N — combined reference classes
Other legend in the end of the Appendix

Table 2. Test result of the MLDIffEQF -classification to
image pair TMI84/TMISS.

Test data: Set2T, DamT, from Setl 20 thinning cuts where the cutting had
been made before acquisition of image TMI8S. Were added to Th c. R
class.

Legend: in the end of the Appendix

Table 5. Test result of the MLOrigEq -classification to
image pair TMI85/TMIg6.

Field Inlcrpretanon Field lnlerpr:!atlon
observation C p g class in interp i observation Corresponding class in interp

¢ T S P N Tot CCRTTRL H S SR P PR Tot
Clear c. 6 0000 3 9 Clear c. 5010000000 6
Clear c. R 00100 7 8 Clear c. R 0401000000 5
Th.c. 0 0140 0 13 27 Th. c. 1411050200 14
Th.c.R 00 8 0 011 19 Thc. R 0210 4931400 42
Light d. 0 0180 0 2 2 Light d. 03001340000 20
Heavy d. 00 700 3 10 Heavy d. 0101340100 10
Shrub r. 000O0O0TO0 O Shrub r. 000000O0OT1O0O0 1
Shrubr. R 00 20 014 16 Shrubr. R 01110011700 21
Soil p. 000027 9 Soil p. 0000100160 8
Soil p. R 000003 3 Soil p. R 00000000O0OD O
Total 7 0320 2 8 121 Total 6343 8216226 0 127
Test data: Set1T, DamT Classified to clouds: 1 stand.
Legend:

D — combined light and heavy damage classes
N — combined reference classes
Other legend in the end of the Appendix

Table 3. Test result of the MLDiffTexEq -classification
to image pair TMI184/TMIS85.

Test data: Set2T, DamT, from Setl 20 thinning cuts where the cutting had
been made before acquisition of image TMI85. Were added to Th c. R
class.

Legend: in the end of the Appendix

Table 6. Test result of the MLOrigAlt -classification to
image pair TMI85/TMIg6.

Field Interpretation Field Interpretation
observation C ponding class in i i observation Corresponding class in interp

C CR T TR H S SR P PR Tot. CCRTTR L H S SR P PR Tot
Clear c. 8000001000 9 Clear c. 60000000O0O0 6
Clear c. R 1600100000 8 Clear c. R 0401000000 5
Th. c. 2000165000 4 27 Th.c. 1402040300 14
The R 0004911301 19 Thc. R 02106 531501 42
Light d. 00011540000 20 Light d. 03001340000 20
Heavy d. 0000510202 10 Heavy d. 0101340100 10
Shrub r. 000000O0O0O0CO O Shrub r. 00000O0OCTI OO 1
Shrubr. R 02002001200 16 Shrub r. R 01110001800 21
Soil p. 3000000033 9 Soil p. 0000100160 8
Soil p. R 0000000O0OO03 3 Soil p. R 000000O0OO0O0OO0 O
Total 148 0 54811217 3 13 121 Total 73411122151296 1 127

Test data: Set1T, DamT
Legend: in the end of the Appendix
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Classified to clouds: 1 stand.

Test data: Set2T, DamT, from Set1 20 thinning cuts where the cutting had
been made before acquisition of image TMI8S. Were added to Th c. R
class.

Legend: in the end of the Appendix

Table 7. Test result of the MLDIffEq -classification to
image pair TMI85/TMIg6.

Table 8. Test result of the MLOrigAlt -classification to
image pair TMI84/SSI87.

Field Interpretation Field Interpretation
observation C ponding class in interp observation Cor ding class in i i

C CR T TR S SR P PR Tot. C Rl T R2 S G Rej Tot.
Clear c. 600000000O0C 6 Clear c. 1 305 3 011 23
Clear c. R 0100310000 5 Reference 1 0511 9 3 5 2 86
Th. c. 10000112000 14 Th. c. 0 401210 0 2 0 64
Thec. R 0900207 02 21 41 Reference 2 021 4 8 13 5 4 55
Light d. 03001240010 2 Shrub r. 0203 710 22
Heavy d. 0300240010 10 Shrub g. 000 0O0O0OO0 O
Shrub r. 0000001000O0 1
Shrubr. R 02013001212 21 To.tal 1 12227 35 26 22 17 250
Soil p. 0101010230 8 Soil p. 00020150 17
Soil p. R 0000000000 0 hlshtd& g;?;giffg

eavy d.

Total 1 24028 3168 3 1%
L ipo Total 1 13137 43 26 39 20 297

Classified to clouds: 2 stands.

Test data: Set2T, DamT, from Set! 20 thinning cuts where the cutting had
been made before acquisition of image TMI8S. Were added to Th c. R
class.

Legend: in the end of the Appendix Table 8. Test result of the MLOrigAlt
~classification to image pair TMI84/SSI87.

Legend for all tables:

Clear c. Clear cut

Clearc. R Clear cut reference

Th. c. Thinning cut

Th.c.R Thinning cut reference
Light d. Light damage

Heavy d. Heavy damage

Shrub r. Shrub removal

SAhrubr. R Shrub removal reference
Soil p. Soil preparation

Soil p. R Soil preparation reference

Acta Forestalia Fennica 222

Performance (from 250 observations)

Overall: 34 %
Changed classxﬂed to changed: 21 % from changed

d classified to unch 67 %
Test data: SetlA (changed), Set2A (changed) DamT PNFIT

Reference | — unchanged, stem volume = 40 m /l;a from PNFI
Reference 2 — unchanged, stem volume 0 — 39 m”/ha, from PNFI
Shrub g. — Shrub growth

Other legend in the end of the Appendix
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Instructions to authors — Ohjeita kirjoittajille

Submission of manuscripts

Manuscripts should be sent to the editors of
the Society of Forestry as three full, complete-
ly finished copies, including copies of all
figures and tables. Original material should
not be sent at this stage.

The editor-in-chief will forward the manu-
script to referees for examination. The author
must take into account any revision suggested
by the referees or the editorial board. Revision
should be made within a year from the return
of the manuscript. If the author finds the
suggested changes unacceptable, he can in-
form the editor-in-chief of his differing opin-
ion, so that the matter may be reconsidered if
necessary.

Decision whether to publish the manuscript
will be made by the editorial board within
three months after the editors have received
the revised manuscript.

Following final acceptance, no fundamental
changes may be made to manuscript without
the permission of the editor-in-chief. Major
changes will necessitate a new submission for
acceptance.

The author is responsible for the scientific
content and linguistic standard of the manu-
script. The author may not have the manu-
script published elsewhere without the per-
mission of the publishers of Acta Forestalia
Fennica. The series accepts only manuscripts
that have not earlier been published.

The author should forward the final manu-
script and original figures to the editors within
two months from acceptance. The text is best
submitted on a floppy disc, together with a
printout. The covering letter must clearly state
that the manuscript is the final version, ready
for printing.

Form and style
For matters of form and style, authors are

referred to the full instructions available from
the editors.

Kisikirjoitusten hyviksyminen

Metsantutkimuslaitoksesta 1dhtoisin olevien
kasikirjoitusten hyviaksymismenettelystd on
ohjeet Metsédntutkimuslaitoksen julkaisuohje-
saannossa.

Muista kisikirjoituksista lahetetddn Suo-
men Metsitieteellisen Seuran toimitukselle
kolme tiydellisté, viimeisteltya kopiota, joi-
hin sisaltyvit myos kopiot kaikista kuvista ja
taulukoista. Originaaliaineistoa ei tdssd vai-
heessa ldheteta.

Vastaava toimittaja ldhettaa kasikirjoituk-
sen valitsemilleen ennakkotarkastajille. Teki-
jdn on otettava huomioon ennakkotarkasta-
jien ja toimituskunnan korjausesitykset. Kor-
jaukset on tehtdvi vuoden kuluessa siité, kun
kasikirjoitus on palautettu tekijalle. Jos tekija
ei voi hyviksyi korjausesityksid, hdnen on
ilmoitettava eridvd mielipiteensd vastaavalle
toimittajalle tai toimituskunnalle, joka tarvit-
taessa ottaa asian uudelleen kasittelyyn.

Acta Forestalia Fennican toimituskunta
paattaa kirjoituksen julkaisemisesta ennakko-
tarkastajien lausuntojen ja muiden ilmennei-
den seikkojen perusteella. P4atos tehdadn kol-
men kuukauden kuluessa siité, kun kisikirjoi-
tuksen lopullinen korjattu versio on saapunut
toimitukselle.

Hyviksymisenjilkeenkisikirjoitukseen ei
saa tehd4 olennaisia muutoksia ilman vastaa-
van toimittajan lupaa. Suuret muutokset edel-
lyttavit uutta hyvaksymista.

Tekijd vastaakirjoituksen tieteellisestd asia-
sisillostd ja kieliasusta. Tekijé ei saa julkaista
kirjoitustamuualla ilman Acta Forestalia Fen-
nican julkaisijoiden suostumusta. Acta Fores-
talia Fennicaan hyviksytddn vain aiemmin
julkaisemattomia kirjoituksia.

Tekijén tulee antaa lopullinen kasikirjoitus
ja kuvaoriginaalit toimitukselle kahden kuu-
kauden kuluessa hyviksymispaatoksestd. Ké-
sikirjoituksen saatteesta pitaa selvasti ilmeta,
ettd kasikirjoitus on lopullinen, painoon tar-
koitettu kappale. Teksti otetaan mieluiten vas-
taan mikrotietokoneen levykkeelld, jonka li-
siksi tarvitaan paperituloste.

Kisikirjoitusten ulkoasu

Kisikirjoituksen asun tulee noudattaa sarjan
kirjoitusohjeita, joita saa toimituksesta.



svir
%,
FER

o513V,
ii %
S

RESTAY

S
&)

O

ACTA FORESTALIA FENNICA

219

220

221

222

223

224

ISBN 951-651-092-2
ISSN 0001-5636

Helidvaara, Kari, Vaisdnen, Rauno & Immonen, Auli.
Quantitative biogeography of the bark beetles
(Coleoptera, Scolytidae) in northern Europe. Selos-
te: Pohjois-Euroopan kaarnakuoriaisten kvantitatii-
vinen elidmaantieteellinen analyysi.

Kuusela, Kullervo & Salminen, Sakari. Suomen
metsavarat 1977-1984 ja niiden kehittyminen 1952—
1980. Summary: Forest resources of Finland in 1977—
1984 and their development in 1952-1980.

Pohjonen, Veli. Selection of species and clones for
biomass willow forestry in Finland. Tiivistelmd: Bio-
massan vilielyyn sopivien pajulgjien ja -kloonien va-
linta Suomessa.

Hame, Tuomas. Spectral interpretation of changes
in forest using satellite scanner images. Seloste:
Mets&n muutosten spektrinen tulkinta satelliittikei-
lainkuvien avulla.

Finér, Leena. Effect of fertilization on dry mass
accumulation and nutrient cycling in Scots pine on
an ombrotrophic bog. Seloste: Lannoituksen vaiku-
tus mannyn kuivamassan kertymédn ja ravinteiden
kierftoon ombrotrofisella r&meelld.

Heikkild, Risto. Moose browsing in a Scots pine
plantation mixed with deciduous tree species. Tiivis-
telmd: Hirven ravinnonkdytté lehtipuusekoitteisessa
mantytaimikossa.

SWEH — 777 BIIUUI BI[B)SIIO] BJOY



