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Satellite-borne L-band interferometric coherence
for forestry applications in the boreal zone

LEIF ERIKSSON

Institute of Geography, Department of Geoinformatics and Remote Sensing
Friedrich-Schiller-University Jena

Abstract

About one third of all forests in the world are found in the boreal zone. It has become
increasingly important to have the possibility to map the extent and state of the
forests, and to identify and monitor changes. One way to do this is to use satellite
remote sensing. In this thesis the possibilities to use L-band interferometric
coherence for forestry applications are evaluated. Repeat-pass coherence from the
JERS-1 satellite has been used to study the forest in six test areas located on the
Central Siberian Plateau in Russia. Five ERS-1/2 tandem pairs were included in the
study to allow a comparison between L-band and C-band coherence.

Repeat-pass coherence is influenced by differences between the acquisitions. Based
on the available meteorological information it was found that freeze and thaw cause
strong decorrelation and the corresponding coherence was not suitable for forestry
applications. The largest contrast in coherence between sparse and dense forest was
observed when both acquisitions were done under frozen winter conditions. No
image pairs from dry unfrozen conditions were available. Coherence from winter
images with up to two years between the acquisitions still allowed separation
between sparse and dense forest. No clear correlation could be identified between
perpendicular baseline and coherence. Under frozen conditions, baselines up to 2 km
were found to give high coherence for sparse forest.

To investigate if L-band repeat-pass coherence can be used for retrieval of forest
parameters, a study on growing stock volume estimation was conducted. An
exponential regression model was used to describe the relationship between the
coherence and growing stock volume. Compared with the Russian forest inventory
data, the estimated growing stock volumes in most cases showed RMS errors in the
range 60 to 100 m*/ha. The same model was used for growing stock volume retrieval
from ERS-1/2 tandem coherence. The obtained retrieval accuracy for JERS-1
coherence was in some cases even higher than for the ERS-1/2 coherence. This
indicates that under frozen winter conditions L-band repeat-pass coherence can be an
alternative to C-band coherence for growing stock volume retrieval.

Two applications were selected for evaluation of the potential of JERS-1 repeat-pass
coherence for forest mapping and forest monitoring. To test the mapping potential a
simple growing stock volume classification was done. The results show high
classification accuracy for the class with growing stock volumes above 80 m3/ha, but
an overestimation of the growing stock volume for sparse forest. The possibility to
detect clear-cutting was demonstrated with a time series of JERS-1 and ERS-1/2
coherence images.

Keywords: SAR, boreal forest, JERS, ERS, interferometry, coherence, growing stock
volume, change detection.
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Zusammenfassung

Die in dieser Doktorarbeit vorgestellte Arbeit konzentriert sich auf den Wald der
Borealen Zone. Der Boreale Wald ist die nérdlichste Waldzone der Erde und umfasst
den ganzen Globus. Etwa 33 % aller Waldgebiete befinden sich in dieser Zone. Jedes
Jahr sind groe Waldgebiete durch Schiden natiirlichen oder anthropogenen
Ursprungs betroffen. Die Mdglichkeit, Ausdehnung und Zustand von Wéldern zu
kartieren sowie Verdnderungen zu erfassen, gewinnt zunehmend an Bedeutung. In
der gesamten Borealen Zone ist der Wald eine der grofiten natiirlichen Ressourcen
und Quelle von Einkommen, was ihn auf regionaler und nationaler Ebene bedeutsam
macht. Ein Wald kann sowohl als Quelle als auch als Senke von Kohlenstoffdioxid
dienen, und enorme Mengen Kohlenstoff sind in iiber- und unterirdischer Biomasse
gespeichert. Boreale Wilder sind deshalb fiir die ,,United Nations Framework
Convention on Climate Change” (UNFCCC) und Kyoto-Protokoll von Bedeutung.
Dariiber hinaus ist das Okosystem des Borealen Waldes der einzige natiirliche
Lebensraum fiir viele Pflanzen und Tiere. Klimaverdnderungen und starke
Zerstorungen konnen zu einem Aussterben von seltenen Arten fithren. Die Erhaltung
der biologischen Vielfalt wird durch die ,,United Nations Convention on Biological
Diversity” thematisiert.

Fiir forstwirtschaftliche Anwendungen hat Fernerkundung den Vorteil, dass grofle
Gebiete preiswert, verglichen mit konventionellen Feldstudien, abgedeckt werden
konnen. Satelliten-getragenes Radar hat nicht die hohe rdumliche Auflosung vieler
optischer Satellitensensoren, aber Radar ist in der Lage, Bilder unabhidngig von
Bewdlkungsgrad und Sonneneinstrahlung aufzunehmen. Es fiihrt daher zu einer
hoheren Wahrscheinlichkeit, Informationen regelméfBig bereitzustellen. Viele
Arbeiten haben gezeigt, dass Synthetic Aperture Radar (SAR) des Japanese Earth
Resources Satellite (JERS-1) und der beiden European Remote sensing Satellites
(ERS-1 und ERS-2) Informationen iiber den Wald liefern kdnnen. Fiir den Borealen
Wald wurden die L-Band-Riickstreuung des JERS-1 und die interferometrische
Kohérenz des ERS-1/2 (C-Band) fiir die Bestimmung des Stammvolumen benutzt.
Bisher wurden nur wenige Arbeiten verdffentlicht, die interferometrische Kohérenz
aus Satelliten-getragenem L-Band SAR mit Wald verkniipfen. Diese Doktorarbeit
versucht, einige der offenen Fragen beziliglich Charakteristik und Anwendbarkeit von
L-Band Kohidrenz fiir forstwirtschaftliche Anwendungen zu beantworten. Dazu
wurden 19 JERS-1 Bildpaare analysiert, die Sibirischen Wald abdecken.

Auf der Grundlage der Verfiigbarkeit von Bodendaten, Satellitendaten und

meteorologischen Daten wurden sechs Testgebiete ausgewdhlt. Sie befinden sich
innerhalb der Bolshe Murtinsky und Chunsky Waldgebiete auf dem
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Zentralsibirischen Plateau. Bolshe Murtinsky befindet sich beiderseits des Jenissej,
etwa 90 km nordlich von Krasnoyarsk, der Hauptstadt der Verwaltungseinheit
Krasnoyarsk Kray. Drei Testgebiete liegen innerhalb Bolshe Murtinsky. Die
verbleibenden drei Testgebiete gehdren zum Chunsky, welches sich cirka 280 km
nordostlich von Krasnoyarsk und siidlich des Flusses Angara befindet. Jedes
Testgebiet umfasst 200 bis 400 km? und beinhaltet 500 bis 1300 Waldbesténde. Die
durchschnittliche Bestandsgrof3e der ausgewdhlten Testgebiete schwankt zwischen
22 und 48 ha. Dominierende Arten sind Tanne (Abies sibirica), Fichte (Picea
sibirica), sibirische Kiefer (Pinus sibirica), Kiefer (Pinus sylvestris), Larche (Larix
dahurica and Larix sibirica), Birke (Betula pendula), und Espe (Populus tremula)
Prinzipiell sind die meisten Waldbestinde gemischte Wilder natiirlichen Ursprungs.

Informationen iber Fliche, Land-Kategorie, Stammvolumen, Alter, Hohe,
Durchmesser und Zusammensetzung standen fiir jeden Waldbestand zur Verfligung.
Von diesen konnten nur Fliche, Land-Kategorie, Stammvolumen und
Zusammensetzung fiir die Auswertung benutzt werden. Zusétzlich zu den Forstdaten
waren topographische Karten mit MafBstab 1:200000 verfiigbar, und Digitale
Hoéhenmodelle wurden aus interferometrischen ERS-1/2-SAR Daten gewonnen.
Meteorologische Daten einzelner Wetterstationen wurden durch die World
Meteorological Organization bereitgestellt. Diese beinhalten Lufttemperatur,
Windgeschwindigkeit, Niederschlag, Schneehdhe, Taupunkt und Bewolkungsgrad.
Mindestens vier Beobachtungen pro Tag wurden angegeben.

Zur Auswertung standen JERS-1 Daten des Zeitraums 1993-1998 zur Verfligung.
Fiir den westlichen Teil von Bolshe Murtinsky, der zwei Testgebiete beinhaltet, war
eine Zeitreihe mit fiinf aufeinander folgenden Akquisitionen von Oktober 1996 bis
April 1997 verfiigbar, und fiir das Ostlichste Testgebiet innerhalb des selben
Waldgebiets flinf aufeinander folgende Akquisitionen von Februar 1997 bis August
1997. Fiir die beiden Testgebiete in Nord-Chunsky lagen alle vier Akquisitionen
zwischen Oktober 1995 und Februar 1996 vor und fiir das restliche Testgebiet drei
Akquisitionen innerhalb des selben Zeitraums. Alle diese Zeitreihen bieten
Moglichkeiten, Bildpaare mit lediglich 44 Tagen Zeitdifferenz zwischen den
Akquisitionen zu bilden. Der Hauptteil der Auswertung beruht auf der Kohirenz
solcher 44-Tage-Paare. Zwei ERS-1/2 Paare von Bolshe Murtinsky und drei von
Chunsky wurden in die Arbeit zusitzlich eingefiigt, um einen Vergleich zwischen L-
Band und C-Band Kohérenz zu erlauben. Alle Bilder stammen aus den Jahren 1996
bis 1998, als die beiden ERS-Satelliten in einer Tandem-Mission flogen. Lediglich
ein Tag liegt zwischen den Akquisitionen dieser Paare.

Die Kohirenz ist ein MaB fiir den Grad der Korrelation zweier Bilder. IThre Werte
liegen zwischen null und eins. Es gibt verschiedene mogliche Griinde fiir eine
Reduzierung der Kohédrenz. Einige dieser konnen vernachlédssigt werden, oder ihr
Einfluss ist abschétzbar und kann beriicksichtigt werden. Nachdem diese beseitigt
wurden, bleiben zwei Hauptgriinde fiir Dekorrelation {ibrig: die zeitliche oder die
Volumendekorrelation. Die zeitliche Dekorrelation ist auf Anderungen der
Eigenschaften ~oder Lage der Dbeobachteten Objekte zwischen den
Aufnahmezeitpunkten zuriickzufiihren. Volumendekorrelation tritt auf, wenn das
Signal in einem Volumen gestreut wird, z. B. innerhalb von Baumkronen oder
Schneeschicht.
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Der erste Teil der Auswertung konzentriert sich darauf, die Hauptgriinde fiir eine
Dekorrelation der verfligbaren JERS-1 Kohidrenz zu finden. Der Einfluss von
verschiedenen Umweltbedingungen zu oder zwischen den Aufnahmen wurde mit
Hilfe von meteorologischen Daten studiert. Es stellte sich heraus, dass Gefrier- und
Tauprozesse eine Dekorrelation stark bedingen. Diese Reduktion der Kohédrenz ist
wahrscheinlich ein gemeinsames Ergebnis einer verdnderten dielektrischen
Konstante und dem Auftreten oder Verschwinden einer Schneeschicht. Wenn man
den eingeschrinkten Einfluss der Schneeschicht auf L-Band-Signale berticksichtigt,
kann die Anderung der dielektrischen Konstante als der Hauptgrund fiir die
Dekorrelation angenommen werden. Regen verursachte auch Dekorrelation, aber fiir
die verfiigbaren Bildpaare war sein Einfluss auf die Kohédrenz nicht so stark wie Tau-
oder Gefrierprozesse. Die hochste Kohdrenz wurde bei lichtem Wald erreicht wenn
beide Akquisitionen bei gefrorenen Winterbedingungen statt fanden. Diese
Bedingungen ergaben auBerdem den grofften Kohdrenz-Unterschied zwischen
lichtem und dichtem Wald. Schneefall schien die Kohédrenz im Winter nicht zu
beeinflussen. Aufgrund von ungenauen Messungen konnten keine Riickschliisse auf
den Einfluss von Wind gemacht werden.

Eine Anzahl an Bildpaaren mit mehr als 44 Tagen Differenz zwischen den
Aufnahmen wurde ausgesucht, um zu untersuchen, wie die Kohdrenz von der
Zeitdifferenz zwischen den Akquisitionen abhédngt. Der Evaluierung von
Umwelteinfliissen folgend, wurden nur Winterpaare beriicksichtigt. Die zur
Verfiigung stehenden Daten erlaubten die Bildung von Paaren mit einer Zeitdifferenz
von 88 Tagen sowie zwei und drei Jahren. Die Auswertung zeigte, dass bei glinstigen
Bedingungen die 88-Tage-Kohidrenz lichten Waldes bis zu 0.5 ergeben kann, was im
oberen Bereich der 44-Tage-Kohdrenz liegt. Bei Bildern, die mehr als ein Jahr
auseinander lagen, war die Kohdrenz wesentlich niedriger, aber in einigen
Testgebieten zeigte sie die Moglichkeit, lichten und dichten Wald zu unterscheiden.

Bei aufeinander folgenden Aufnahmen sind die Positionen der SAR-Antenne nicht
exakt gleich. Die Entfernung zwischen diesen Positionen nennt man rdumliche
Basislinie. Diese Basislinie kann in Komponenten, die parallel und senkrecht zur
Beobachtungsrichtung sind, aufgeteilt werden. Bei Erhohung der senkrechten
Basislinie wird eine Lange erreicht, ab der vollstindige Dekorrelation auftritt. Diese
Lénge wird kritische Basislinie bezeichnet. Fiir JERS-1 liegt die kritische Basislinie
bei etwa 5700 m. Nur ein Paar hatte eine senkrechte Basislinie, die diesen Wert
tiberstieg. Mit Hilfe der verfiigbaren Daten konnte keine klare Korrelation zwischen
senkrechter Basislinie und Kohirenz gefunden werden. Dichter Wald zeigt eine
geringe Tendenz zu hoherer Kohérenz fiir Basislinien kleiner als 500 m. Basislinien
bis zu 2 km ergaben hohe Kohérenz fiir lichten Wald.

Der Vergleich mit Tandem-Kohédrenz von ERS-1/2 machte deutlich, dass die aus
JERS-1 ermittelte Winter-Kohdrenz Niveaus erreicht, die mit denen aus ERS-1/2
Akquisitionen bei ungefrorenen Bedingungen vergleichbar sind, obwohl die
Wiederholrate von JERS-1 betrdchtlich langer ist. ERS-1/2 Kohidrenz zeigte im
Winter hohere Kohédrenz.

Das Ziel im zweiten Teil der Arbeit bestand darin, zu ermitteln, ob JERS-1 Kohérenz
fir die Bestimmung von Waldparametern benutzt werden kann. Eines der
bedeutendsten Waldparameter ist Biomasse. Eine Moglichkeit, die tberirdische
Biomasse zu quantifizieren, stellt die Bestimmung von Stammvolumen dar, das pro



Flacheneinheit definiert ist. Die Evaluierung wurde deshalb auf die Bestimmung von
Stammvolumen konzentriert. Der Erfassungsprozess kann in vier Schritte unterteilt
werden: Auswahl des Modells, Modelltraining, Erfassung und Fehleranalyse.
Aufgrund der Ergebnisse der Auswertung der zeitlichen Dekorrelation wurde nur 44-
Tage-Kohidrenz aus der Wintersaison beriicksichtigt.

In einem ersten Schritt wurde die Korrelation zwischen Kohédrenz und
Stammvolumen getestet. Fiir Winterpaare lag der Pearson-Koeffizient zwischen —
0.60 und —0.87. Er war bei der Hélfte dieser Fille kleiner als —0.8. Das beweist, dass
es eine Korrelation zwischen JERS-1 repeat-pass Kohédrenz und Stammvolumen gibt.
Ein exponentielles Modell wurde ausgewihlt, um die Beziechung zu beschreiben.
Nach dem Training des Modells durch Kurvenanpassung wurden die
Regressionskurven mit Testreihen verglichen, und in allen Féllen ergab sich, dass die
Kurven in guter Ubereinstimmung mit den Testdaten waren.

Als Indikatoren fiir die Genauigkeit der Bestimmung wurden die mittlere
quadratische Abweichung (Root Mean Square Error, RMSE), die relative RMSE und
das Bestimmtheitsmal3 (R?) gewéhlt. Als kleinste mittlere quadratische Abweichung
wurde 60 m*ha erhalten, und in den meisten Féllen lag RMSE unter 100 m*/ha.
Abgesehen von einer Ausnahme lag die relative RMSE zwischen 43 und 76 %. R?
zeigte starke Schwankungen, zum Teil wegen der Verteilung von Stammvolumen
innerhalb der jeweiligen Testgebiete. Der hochste Wert fiir R war 0.75.

Das gleiche Modell wurde fiir die Stammvolumenbestimmung aus ERS-1/2 Tandem-
Kohiérenz benutzt. Die am besten ermittelten Werte fiir RMSE, relative RMSE und
R? waren jeweils 57 m*/ha, 37 % und 0.73. Dennoch lag RMSE fiir iiber 70 % der
betrachteten Bildpaare iiber 100 m?/ha. Die Ergebnisse sind weit entfernt von den
besten, die andere Autoren fiir Testgebiete in Nordeuropa verdffentlichten. Das
konnte sowohl durch die unterschiedliche Struktur der Wélder mit hoherem Anteil an
gemischten, unbewirtschafteten Wildern in Sibirien, als auch durch grofere
Ungenauigkeit der Bodendaten erklirt werden. Die erhaltene Genauigkeit der
Stammvolumenbestimmung aus JERS-1 Kohérenz ist in vielen Féllen so gut oder
besser als die aus ERS-1/2 Kohérenz. Das deutet darauf hin, dass unter gefrorenen
Winterbedingungen L-Band Kohirenz eine Alternative zu C-Band Kohédrenz fiir die
Bestimmung von Stammvolumen sein kann.

Der letzte Teil der Arbeit verfolgt das Ziel, potentielle forstwirtschaftlichen
Anwendungen der JERS-1 Kohidrenz zu evaluieren. Zwei Anwendungen wurden fiir
die Evaluierung ausgewihlt, die Kartierung und Uberwachung von Wald
reprisentieren. Eine einfache Klassifikation von Stammvolumen wurde gewéhlt, um
das Potenzial der Kartierung zu iiberpriifen. Fiir die Klassifikation wurde eine
Methode benutzt, die ein Kohdrenz- und ein Riickstreuungsbild bendtigt. Die
Methode basiert auf einem Modell, dessen Parameter an den Informationsgehalt in
den Bildern angepasst sind. Das begrenzt die Anforderung an Trainingsdaten. Die
Methode wurde im Projekt SAR Imaging for Boreal Ecology and Radar
Interferometry Applications (SIBERIA) fiir ERS-1/2 Tandem-Kohédrenz- und JERS-
Riickstreuungsbilder entwickelt und erfolgreich angewendet. Die ERS-1/2 Kohirenz
wurde in dieser Doktorarbeit durch JERS-1 Kohérenz ersetzt, um eine Klassifikation
zu erhalten, die allein auf L-Band Daten basiert. Die Ergebnisse zeigen eine hohe
Genauigkeit der Klasse mit Stammvolumen oberhalb von 80 m?®/ha, aber mit der
derzeitigen Modellversion wird Stammvolumen von lichtem und jungem Wald
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iiberschitzt. Es wurden Hinweise fiir Verbesserungen der Methoden gegeben, aber in
ihrer jetzigen Form konnen sie bereits fiir eine Wald-/Nichtwaldkartierung verwendet
werden.

Als ein Beispiel des Waldmonitoring mit JERS-1 Kohédrenz wurde eine einfache
Methode fiir ,,change detection® liberpriift. Indem man Grenzwerte fiir Histogramme
auf eine Zeitreihe von mindestens zwei Kohdrenzbildern anwendet, ist es moglich,
groBere Anderungen wie Kahlschlige zu identifizieren, wenn diese Ereignisse in der
Zeitspanne zwischen den Aufnahmen eintreten. Kleinere Anderungen, wie z. B.
punktuelle Rodung oder Ausdiinnung, konnen nur durch verfeinerte Methoden
erkannt werden. Die Moglichkeit der Kombinierung von L-Band und C-Band
Kohérenz wurde durch Zeitreihen von Kohédrenzbildern von JERS-1 (1994 und 1996)
und ERS-1/2 (1996 und 1997) demonstriert.

Die vorgestellten Ergebnisse zeigen, dass solange Aufnahmen unter gefrorenen
Bedingungen gemacht werden, Satelliten-getragene L-Band Kohérenz Informationen
fiir forstwirtschaftliche Anwendungen liefern kann. Alle Methoden, die fiir
Bestimmung, Kartierung und Monitoring von Waldparametern vorgestellt wurden,
konnen weiter verbessert werden, und mehr Untersuchungen sind notwendig, um zu
entscheiden, ob die Genauigkeit fiir operationelle Anwendungen hoch genug sein
kann. Das PALSAR Instrument an Bord des Japanese Advanced Land Observing
Satellite (ALOS), der voraussichtlich in der zweiten Hilfte des Jahres 2005 gestartet
werden soll, wird die Mdglichkeit hinzufiigen, Multi-Polarisationen zu verwenden.
Mit einer kiirzeren Bildwiederholrate, wie z. B. 14 Tage des vorgeschlagenen
TerraSAR-L Satelliten, wird die Moglichkeit, Bildpaare mit hoherer Kohdrenz zu
erhalten, betrichtlich erhoht.
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Chapter 1

Introduction

1.1 Boreal forest

The work that will be presented in this thesis is focused on forest in the boreal zone.
The word boreal originates from the Greek word boreios, which means northern, or
“coming from the north”. Boreas was also the name of the Greek god of the northern
wind. Consequently, the boreal forest is the northernmost forest zone on Earth and
stretches all around the globe at latitudes 60°-70° N in Alaska and northern Europe,
55°-70° in western Canada, 45°-60° in eastern Canada, and all the way from 45° to
above 70° N in Siberia (TRETER, 1993). The extent of the boreal forests and the
limits of the regions affected by permafrost are shown in Figure 1.1. The permafrost
has a great influence on the tree species composition in different parts of the boreal
zone.

According to the “Global Forest Resources Assessment 2000 that was published by
the Food and Agriculture Organization of the United Nations (FAO) (FAO, 2001),
about 13 million km? of the Earth’s surface is covered with boreal forests. This
corresponds to 33 % of all forests in the world. Each year large areas in the boreal
forest are affected by disturbances of natural (fire, insect infestation, wind throw) or
anthropogenic (logging, fire, pollution) origin. Having the possibility to map the
extent and state of the forests, and to identify and monitor changes, has become
increasingly important for several reasons:

Economy: Throughout the boreal zone the forest has always been one of the main
natural resources. Forest products like wood, paper and pulp, are important for the
trading balance for most of the countries in this region, and for many people the
forest or the local forest industry are the main sources of income.

Climate: During the last 20 years there has been an increasing awareness concerning
the influence human activities have on climate. The United Nations Framework
Convention on Climate Change (UNFCCC) and the Kyoto Protocol are two high-
level international initiatives that address this problem. Studies of the global carbon
balance are components in this work and here the boreal forests play an important
role. A forest can serve both as a source and a sink for carbon dioxide and vast
amounts of carbon are stored in the above ground and below ground biomass.



Biodiversity: The forest ecosystem does not only contain a large number of different
tree species, it is also the only natural environment for many types of plants, moss,
lichen, and mushrooms, and many species of mammals, birds, insects and other types
of animals. Naturally there are differences between the species found in Eurasia and
in North America, but also within the continents big differences can be found, and
many species are only found in certain regions. Climate changes or large
disturbances can lead to the extinction of sensitive species that are not so widespread.
The United Nations Convention on Biological Diversity has been initiated to work
for the conservation of biological diversity and for sustainable use and fair sharing of
its components (UNEP - WwW.BIODIV.ORG).

S Limit of continuous permafrost = Boreal zone

e Limit of discontinuous permafrost

Figure 1.1  Extent of the boreal forests and limits of the regions affected by permafrost
(from (TRETER, 1993)).

1.2 The JERS-1 and ERS-1/2 missions

The main focus of the work has been on L-band SAR data from the Japanese Earth
Resources Satellite-1 (JERS-1). JERS-1 was developed by the National Space
Development Agency of Japan (NASDA) and the Ministry of International Trade
and Industry (MITI). It was launched with a H-I launch vehicle on 11 February 1992
from NASDA'’s Tanegashima Space Centre. JERS-1 carried two instruments, the



Synthetic Aperture Radar (SAR) and the Optical Sensor (OPS) (YONEYAMA et al.,
1990). After the initial commissioning phase the satellite was operational from the
beginning of June 1992 until 12 October 1998.

Data from the European Remote sensing Satellite 1 and 2 (ERS-1 and ERS-2) have
been considered in this thesis to give a possibility to compare the L-band data with
the more commonly used C-band data. ERS-1 was launched by the European Space
Agency (ESA) on 17 July 1991, and was operational from December 1991 (end of
commissioning phase) to March 2000. ERS-2 was launched on 21 April 1995 and is
still delivering data. A comparison between the JERS-1 and ERS-1/2 mission
characteristics is given in Table 1.1. The characteristics for previous, upcoming and
planned L-band SAR sensors are given in Appendix A.

Table 1.1 Characteristics of the JERS-1 and ERS-1/2 missions. Sources:
(YONEYAMA, et al., 1990; OLMSTED, 1993; ESA, 1997; KRAMER, 2002).

Mission JERS-1 ERS-1 and ERS-2
Duration Feb. 1992 — Oct. 1998 EES:;; fgﬂl Joo 5‘_Mar0h 2000
Altitude [km] 568 770 — 785 (depending on phase)

3 (commissioning and ice phase)
Repeat cycle [days] 44 ?Zgg‘g&gﬁffﬁiﬁ? phase)
1 (tandem ERS-1 and ERS-2)
Frequency [MHz] (band) 1275 (L-band) 5300 (C-band)
Wavelength [cm] 23.5 5.66
Band width [MHz] 15 15.5
Polarization HH VvV
Look angle 35.21° (right looking) 20.355° (right looking)
Swath width [km] 75 100
Spatial resolution [m]:
range 18 26
azimuth 18 (3 looks) 30 (4 looks)

1.3 Radar remote sensing of forest

For forestry applications, remote sensing has the advantage that large areas can be
covered to a relatively low cost compared to conventional field surveys. Spaceborne
SAR does not have the high spatial resolution that many optical satellite sensors
have, but a radar can acquire images independent of cloud cover and thereby give a
higher probability that information can be provided on a regular basis. For boreal
forest the backscatter from JERS-1 SAR has been used for the estimation of growing
stock volume (HARRELL et al., 1995; ISRAELSSON et al., 1995; KURVONEN et al.,
1999; PULLIAINEN et al., 1999; HYYPPA et al., 2000; SANTORO ef al., 2002a; ASKNE
et al., 2003a; SANTORO et al., 2003; WAGNER et al., 2003).




Interferometric coherence from ERS-1/2 has also proved to provide valuable
information about growing stock volume in boreal forests (ASKNE et al., 1997b;
SMITH et al., 1998; HYYPPA, et al., 2000; FRANSSON et al., 2001; KOSKINEN et al.,
2001; SANTORO et al., 2002b; ASKNE et al., 2003b; WAGNER, et al., 2003). For
spaceborne L-band interferometric coherence only few results related to forest have
been published.

The multi-frequency capability of the Shuttle Imaging Radar C (SIR-C) missions in
1994 made it possible to compare the coherence levels from simultaneous
acquisitions at C-band and L-band. It was found that with the one-day repeat-cycle of
the Shuttle, the coherence from tropical and temperate forests is higher at L-band
than at C-band, and that the difference in coherence levels between forest and open
areas is larger for C-band than for L-band (RIGNOT, 1996; WEGMULLER et al., 1997).
The temporal decorrelation that forested areas experience in L-band coherence was
first reported for SEASAT data from a temperate forest in Oregon (ZEBKER &
VILLASENOR, 1992). The repeat-cycle of SEASAT was 3 days. The 44-day repeat-
cycle of JERS-1 gives larger temporal decorrelation, but the coherence is in many
cases still high enough to allow analysis of forest. One application that has been
studied with JERS-1 repeat-pass coherence is the possibility to detect deforestation.
These studies have been done for tropical forest in the Amazon (ROSEN et al., 1999;
LUCKMAN et al., 2000) and on Sumatra (SUGA & TAKEUCHI, 2000; TAKEUCHI &
OGURO, 2003) and all show good results. Other studies have indicated that it is
possible to separate temperate forest from other land cover types (TAKEUCHI et al.,
1998), to detect areas damaged by forest fire (TAKEUCHI & YAMADA, 2002) and that
for forest type discrimination the JERS-1 coherence is superior to the backscatter
coefficient (TAKEUCHI & YONEZAWA, 1997).

The first study on JERS-1 interferometry for boreal forests showed that under
favourable conditions it is possible to get coherence levels that are comparable with
those from ERS-1/2, but also pointed out difficulties in separating forest from some
of the other landcover classes (ASKNE et al., 1999). Preliminary results from boreal
forest in Siberia indicated that a combination of JERS-1 intensity and coherence
could provide information about forest cover (WIESMANN et al., 2000b). None of
these two studies reported any quantitative results.

The first analysis of the relationship between JERS-1 repeat-pass coherence and
biomass was done for tropical forest and showed a strong correlation between
increasing biomass and decreasing coherence (LUCKMAN, et al., 2000). The relation
was described by a simple saturating exponential model. Similar results have been
reported for boreal forest (ERIKSSON et al., 2002b; ERIKSSON et al., 2003). The only
published attempt to retrieve growing stock volume was done with a JERS-1 pair
covering a test area in Southern Sweden (ASKNE, ef al., 2003b). A combination
between JERS-1 backscatter and coherence was found to increase the retrieval
accuracy.

1.4 Scope of the thesis

Although the main principles for SAR interferometry are well known and have been
successfully implemented for a wide range of applications, the literature review
reported in Section 1.3 showed that very little work has been done to study the



characteristics and applications of spaceborne L-band interferometry for forest. The
scarcity of information on this topic combined with the fact that new L-band SAR
satellites will be launched, or are under evaluation (see Appendix A), was the main
motivation for the work presented in this thesis.

The overall goal of the work was to answer two questions:

1. “Which are the characteristics of spaceborne L-band interferometric
coherence from forest?”

2. *“Can spaceborne L-band interferometric coherence provide accurate
and consistent information about forest?”

Based on the availability of ground and satellite data the work had to be limited to
the study of boreal forest with JERS-1 repeat-pass coherence.

To answer the first question the following tasks were formulated:
e Analysis of variations in the coherence due to
environmental conditions
length of period between acquisitions
spatial distance between the acquisitions
e Investigation of seasonal dynamics.
The results of these tasks also show if there are limitations that are relevant for the
second question. Three forest applications were tested to answer the second question:
e Retrieval of growing stock volume.
e Creation of a growing stock volume map.
e Creation of a forest change map.

It has not been the scope of the thesis to develop new methods for forest parameter
retrieval, forest mapping, or forest monitoring.

1.5 Outline of the thesis

In Chapter 2 the theoretical background on SAR and interferometric SAR (InSAR) is
given and terms and expressions that will be used in the analysis are defined. An
overview of the processing of the data is also included.

Chapter 3 gives a detailed description of the test areas that have been used and the
available data. The data are divided into three sections. The first section describes
ground data, including forest inventory, digital elevation models (DEMs) and
topographic maps. In the two following sections meteorological data are
characterised and available satellite scenes are listed.

The following three chapters present the results. An analysis of potential causes for
decorrelation of the interferometric SAR is given in Chapter 4. This corresponds to
the tasks that were defined to answer the first question in Section 1.4. Chapter 5
reports on model selection, model training, retrieval and error analysis that were
conducted for the estimation of growing stock volume. Finally two examples of



potential forestry applications for JERS-1 repeat-pass coherence, one for mapping
and one for monitoring, are presented in Chapter 6.

An outlook and a summary of the results conclude the thesis. In the outlook, topics
that need further investigation are discussed and some promising new techniques and
future missions are mentioned.



Chapter 2

SAR and InSAR theory

In this chapter theoretical background will be given and terms and expressions that
will be used in the analysis in coming chapters will be defined.

2.1 SAR system overview

A radar is an active sensor that sends out microwave pulses and records the echo.
Compared with passive sensors that rely on electromagnetic waves that have been
transmitted by another source, e.g. sunlight or thermal radiation, a radar has its own
transmitter. At the cost of higher power consumption and more complex hardware
and signal processing, this gives a radar system the advantage that it can collect data
also during night. A radar can be mounted on different types of platforms, like air
traffic towers, ships, planes and satellites, but in this thesis only airborne and
spaceborne platforms, with a strong emphasis on the JERS-1, ERS-1 and ERS-2
satellites, will be considered.

To allow derivation of the location of the scattering elements, an imaging radar is
mounted in a side-looking configuration on the platform. The area that is observed
along the flight path is called the swath. The look angle of the radar decides how far
to the side of the flight path the swath will be acquired, and the shape of the
transmitted beam how wide the swath will be. Some radar systems have the
possibility to mechanically or electronically steer the look angle and the shape of the
beam, but both JERS-1 and the ERS satellites have fixed look angle and swath width
(see Table 1.1).

The signal transmitted by a SAR system is characterized by its signal power, carrier
frequency, frequency modulation, pulse length, and polarization. If the transmitter
has a peak output power P, [W], the power that is re-radiated towards the antenna by
an object is

_PGo
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where G, is the gain of the transmitting antenna, ¢ is the radar cross section of the
object and R is the distance between the antenna and the object. The power received
by the radar from the object is then



_ PG,G,02°L,

P
(4r) R*

”

[W] (2.2)

where G, is the gain of the receiving antenna, 4 is the wavelength, and L; is the
system loss factor.

During World War II the microwave frequencies where a radar is operating were
divided into frequency bands that for security reasons were given code letters
(KINGSLEY & QUEGAN, 1992). These code letters are still in use and for remote
sensing with SAR the most common bands are P (0.3 — 1.0 GHz), L (1.0 — 2.0 GHz),
C (4.0 — 8.0 GHz), X (8.0 — 12.5 GHz), and in some cases S (2.0 — 4.0 GHz). In this
thesis only SAR systems with frequencies in the L- and C-band will be considered.
Theoretically the transmitted signal could be given a polarization that is elliptical,
circular or linear, but normally only the horizontal (H) or vertical (V) linear
polarizations are used. The polarization of the radar system is then given by one of
the combinations HH, HV, VH, or VV, where the first letter is the polarization of the
transmitted signal and the second letter gives the received polarization.

In the across-track (range) direction, the spatial resolution of the acquired image is
determined by the length of the transmitted pulse. A shorter pulse allows smaller
objects to be observed, but gives reduced signal to noise ratio (SNR) since less
energy is transmitted (JENSEN, 2000). However, with a so called chirp pulse
modulation it is possible to use longer pulses and still get a relatively high range
resolution (CURLANDER & MCDONOUGH, 1991; KINGSLEY & QUEGAN, 1992;
OLMSTED, 1993). In the along-track (azimuth) direction, the achievable resolution is
proportional to the wavelength and to the distance between the antenna and the
observed object and inversely proportional to the length of the antenna. For
spaceborne radar sensors very large antennas are required to get high resolution. By
recording all echoes returned by an object when the radar flies past it and then, after
phase correction, coherently summing them, it is possible to synthesize an antenna
with a length (aperture) much longer than the real length. These synthetic aperture
radar systems get an azimuth resolution that is independent of both the wavelength
and the distance to the object.

For airborne and spaceborne SAR systems, the size of a resolution cell is much larger
than the individual scattering objects, so that the signal that is returned is made up of
contributions from a large number of objects. These contributions have different
phase, causing constructive or destructive interference giving the resolution cell a
backscattered signal amplitude that can differ a lot from the neighbouring resolution
cells. The result is an image with a grainy salt-and-pepper pattern called speckle. One
way to reduce speckle is multilook averaging of the image. A larger number of looks
gives a less noisy image, but at the same time degrades the resolution.

2.2 Radar scattering

This section gives an introduction to scattering mechanisms and the physical
properties that govern scattering from surfaces and volumes. The basic
characteristics of scattering from forests are explained in a separate sub-section. As
will be shown in Chapter 3, the majority of the satellite data that will be analysed in



this thesis were acquired during the winter season. For this reason a sub-section on
scattering from snow has also been included.

2.2.1 Scattering mechanisms

The amplitude, phase and polarization of the signal that is scattered back in the
direction of the receiving antenna depend on the characteristics of the scattering
objects. Important is the local incidence angle, the surface roughness, the size, shape
and orientation of the objects, and the dielectric properties. The local incidence angle
0, is the angle between the direction of the incoming wave and the normal to the
surface. With a surface facing towards the antenna a large portion of the signal will
be returned to the receiver. With a larger local incidence angle, a larger amount of
the transmitted energy will be reflected away from the antenna.

The scattering mechanisms are usually divided into surface scattering, volume
scattering and double bounce. For surface scattering the roughness of the surface is
one of the parameters that determine how much of the signal that is scattered back
towards the antenna. For a smooth surface most of the incoming signal is reflected in
one direction, while for a rough surface the signal is scattered in many different
directions. Thus, for surfaces with a local incidence angle larger than zero, a rough
surface normally gives a stronger backscatter than a smooth surface. To determine if
a surface is rough or not we need to know the wavelength A of the observing radar. A
surface with a standard deviation of the surface height h will look smooth at long
wavelengths, but rough at short wavelength. Different modified versions of the
Rayleigh criterion have been reported as practical criteria for when a surface can be
considered smooth. In (ULABY ef al., 1986a) the following condition is given:

A

h< 32c0sd, [m] (2.3)
Volume scattering occurs when the signal is scattered multiple times within a diffuse
media. The number of scattering objects and their size, shape, and orientation
determine the portion of the signal that will be returned to the antenna. Also in this
case different wavelengths will be affected by different object sizes. The third
common scattering mechanism, double bounce, occurs when the signal is reflected
by two surfaces that are oriented perpendicular to each other, so that it is directed
back towards the antenna. The smoothness of the surfaces will determine how large
portion of the signal that is returned. In addition to the mentioned scattering
properties, all three scattering mechanisms are affected by the dielectric constant of
the scattering objects. An object with high water content has a high dielectric
constant, which gives a small penetration depth and a larger part of the signal is
reflected. Dry or frozen materials give lower scattering.

In Section 2.1 the radar cross section ¢ was introduced. ¢ is defined as the equivalent
of a perfectly reflecting area that reflects isotropically (JENSEN, 2000). Such areas are
rare in a natural environment, and instead it is common to use the normalised radar
cross section per unit area 6”=0/4, where A represents the geometric surface giving
rise to the scattering. ¢’ is also called “radar backscatter coefficient” or simply
“sigma nought”. In this thesis ¢’ will be referred to as the backscatter coefficient.



2.2.2 Scattering from forest

For the analysis of the scattering from forest, it is convenient to think of a forest as a
three dimensional collection of elements with different size, shape, orientation and
water content. The smallest elements that are relevant for the wavelengths considered
in this thesis are the leaves, needles and twigs. In the mid-size range we find
branches, and the largest elements are the stems. In addition to this we have to
consider the forest floor and the ground vegetation. The scattering from these
elements can be related to the scattering mechanisms that were introduced in the
previous section. In the tree canopy the main scattering mechanism is volume
scattering. The wavelength of the incoming radar wave determines which elements
contribute most to the volume scattering. At L-band the main scattering elements are
the branches and at C-band it is the leaves, needles, twigs and small branches. In
addition to the number of scattering elements within a resolution cell, the
polarization and incidence angle of the transmitted signal, in relation to the
orientation of the elements, strongly influence the strength of the volume scattering.

According to (ULABY, et al, 1986a), the surface scattering from the boundary
between air and vegetation canopy is usually unimportant, but the surface scattering
from the ground has to be considered. The strength of this component not only
depends on the roughness and moisture of the ground, but also on the density of the
forest canopy. A dense canopy attenuates the signal and reduces the amount of
energy that reaches the ground. The signal is then further attenuated on its return
path. At L-band the attenuation is relatively low and a contribution from the ground
can be expected to be present until a high number of branches is reached. The
wavelength is in most cases long in comparison with the standard deviation of the
ground surface height, giving a reduced ground contribution. At C-band the density
of scattering elements is higher, which leads to a stronger attenuation. Only in sparse
forest can surface scattering from the ground become the dominant scattering
mechanism. At this wavelength the forest floor also appears rougher and gives a
stronger backscatter. A larger incidence angle gives a longer path length through the
canopy and thereby a larger attenuation.

Double bounce occurs when the incoming wave is reflected first by a trunk, branch,
or stub and then by the ground back towards the antenna, or vice versa first by the
ground and then by a trunk, branch or stub. As with the normal surface scattering
from the ground, the soil moisture, surface roughness and the attenuation through the
canopy determine the strength of the returned signal. In sparse forest with smooth
forest floor, double bounce will reflect a large portion of the energy back to the
antenna. However, in order to contribute significantly to the total backscatter, double
bounce has to occur for a large number of trunks within a resolution cell. A special
case occurs when the forest is flooded. Since water has a high dielectric constant and
can be considered being a smooth surface, at least at L-band, this condition has been
observed to produce a strong double bounce contribution even in comparatively
dense forest (HESS et al., 1990; ROSENQVIST et al., 2002).

The dielectric constant in trees is closely related to the moisture content in the wood
(LN, 1967), which thereby affects the strength of the scattering. The tree water
content follows the availability of water in the ground. A dry summer gives a water
content that is lower than normal, but there are also natural seasonal variations
(GATES, 1991). In addition to these variations the tree water content also varies with
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the time of the day (SALAS et al., 1994; MCDONALD et al., 1999). These diurnal
variations are of minor importance in this study, since all satellite images are
acquired at approximately the same time of the day. For boreal forests it is important
to remember that the temperature has a big influence on the dielectric constant. Even
if the tree water content is high, the dielectric constant will be considerably reduced
if the water is frozen (MCDONALD, et al., 1999). The water content is usually not
homogeneously distributed in the stem. The bark contains little free water, the
sapwood beneath it has the highest water content, while the heartwood in the centre
holds less water (KRAVKA et al., 1999). The dielectric constant follows the same
pattern (WAY et al., 1990; SALAS, et al., 1994; MCDONALD, et al., 1999), which
means we can expect the radar signal to be scattered in the sapwood of the tree.

2.2.3 Scattering from snow

The analysis of scattering mechanisms for snow is usually simplified by dividing the
total backscatter in three components (ULABY et al., 1986b): (1) backscattering from
the snow-air interface, (2) backscattering from the snow volume, and (3)
backscattering from the underlying ground surface. The numbers (1) and (3)
represent surface scattering and (2) represents volume scattering. Dry snow is a
mixture of air and ice. If water in liquid form is present in the snow it will be called
wet snow. The backscatter from snow is influenced by snow layer thickness,
volumetric liquid water content, surface roughness of the two boundary layers, snow
grain size and shape, snow layer temperature profile, snow layer density profile and
layer structure (KOSKINEN, 2001). The commonly used term snow water equivalent
(SWE) is related to the density and thickness of the snow layer and represents the
amount of water potentially available for runoff.

The backscatter at the boundary between air and snow is strongly dependent on the
liquid water content. The dielectric constant of dry snow is low enough that this
backscattering contribution can be neglected for side looking radar systems (ULABY,
et al., 1986b). The backscatter coefficient increases with the liquid water content, so
that for wet snow the backscatter from the air-snow interface can be the dominant
scattering mechanism at C-band. At L-band, the difference between the backscatter
from dry and wet snow is marginal and in general the longer wavelength makes the
backscatter from snow significantly lower than at C-band (ULABY & STILES, 1981).

The volume scattering increases with the snow layer thickness and density. For a
fixed thickness and density the volume contribution depends on the size of the ice
particles in relation to the radar wavelength. The snow layer also affects the
incidence angle and wavelength of the electromagnetic wave. A higher snow density
gives an increased dielectric constant. Refraction within the snow gives a smaller
incidence angle, and the fact that snow is dielectrically thicker than air reduces the
wavelength (SHI & DOZIER, 2000). However, even though the wavelength is reduced,
at L-band it is still considerably larger than the size of the ice particles, and therefore
no significant volume scattering occur.

The backscatter from the ground underneath the snow layer depends on the
attenuation in the snow layer and the strength of the other two scattering
mechanisms. In addition to this the dielectric contrast between snow and ground is
smaller than between air and ground, which reduces the reflectivity at the snow-
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ground interface (SHI & DOZIER, 2000). However, the reduction of the wavelength in
the snow layer makes the ground surface appear rougher and together with the
decreased incidence angle this gives an increase in the backscatter. At L-band this
results in a backscattering coefficient that is higher for a snow covered surface than
for a bare surface (SHI & DOZIER, 2000). At C-band the backscatter from the ground
can be significant for dry snow, but the attenuation in the snow layer increases
rapidly with increasing snow wetness so that for wet snow there is hardly any
scattering contribution from the snow-ground interface (KOSKINEN, 2001).

In addition to the three scattering mechanisms mentioned above, indirect scattering
occurs when two or more scattering mechanisms are combined before the signal is
returned, e.g. when a part of the incoming wave is first scattered by ice particles in
the snow layer and then by the ground. The indirect scattering also adds to the total
scattering, but due to multiple scattering and attenuation this contribution is weak.

2.3 SAR interferometry

Radar interferometry was first used in earth-based observations of Venus (ROGERS &
INGALLS, 1969; RUMSEY et al., 1974) and the Moon (ZISK, 1972a; ZISK, 1972b).
Measurements of topography on Earth with an airborne radar were conducted in the
early seventies (GRAHAM, 1974). The first spaceborne SAR images were acquired by
Seasat in 1978, but it took almost 10 years until the first InNSAR results were
published (GOLDSTEIN & ZEBKER, 1987; GOLDSTEIN et al., 1988). At the same time
the first InNSAR results from the second Shuttle Imaging Radar mission (SIR-B) were
published (GABRIEL & GOLDSTEIN, 1988). After that the development went fast and
with the launch of ERS-1 in 1991 there were also a lot of suitable data available.

231 INSAR baselines

For the creation of an interferogram, a minimum of two acquisitions of the same
object are needed. In order to provide any new information, the second image has to
be acquired with a slightly different flight path or acquisition time (BAMLER &
HARTL, 1998). We will refer to these differences as spatial and temporal baseline. In
order to have a temporal baseline equal to zero, two receiving antennas can be
mounted on the same platform. This is common for airborne SAR systems, but so far
the Shuttle Radar Topography Mission (SRTM) is the only example of a spaceborne
single-pass system. In most other cases we have to rely on repeat-pass acquisitions,
which means that the second image is acquired with a time delay of one or more
repeat cycles. The repeat cycle, also known as revisit time, is the shortest time
between two overflights of the same area. Normally the two acquisitions have to be
done with the same satellite, but in the case ERS-1 and ERS-2 both satellites had
identical SAR systems, which made it possible to create interferograms from image
pairs where one image was acquired by ERS-1 and the other by ERS-2. Recently it
has been proven that, under special conditions, it is also possible to create an
interferogram from an ERS-2/Envisat SAR-pair, even though Envisat ASAR
operates at a frequency that is 31 MHz higher than the frequency of ERS-2 Active
Microwave Instrument (AMI) (GATELLI et al., 1994; ARNAUD et al., 2003).
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In theory it is possible to get a repeat pass pair with only temporal baseline, but in
practise the two orbits are never exactly the same. Figure 2.1 shows a simple image
of the spatial baseline (By) between the positions of the two acquisitions and its
parallel (B,) and perpendicular (B,) components. For our applications B, is the most
important component. B, can vary from a few meters up to several kilometres. The
effect of the baseline length on the interferometric products will be discussed in the
next sections.

Figure 2.1 Spatial baseline B, between two antennas 4, and A4,. B, is the parallel
component, B, is the perpendicular component and 8,,,; corresponds to the look angle of the
antennas.

2.3.2 Coherence and interferometric phase

SAR interferograms are produced by forming the Hermitian product of the two
complex images g; and g,. Both images need to be coregistered with sub-pixel
accuracy. The signals from the radar system for pixel i are given by (LI &
GOLDSTEIN, 1990; HAGBERG et al., 1995)

A 4 .
_ —J P _JTRl,f —J¥1,
g, =a.e e +n e (2.4)

A ar A
_ —Jj0y; —J Ry —jV¥a,
g =a,.e e +n,,e (2.5)

where a is the signal amplitude, ¢ is the signal phase, and R is the slant range
between the observed pixel and the antenna. The amplitude and phase of the thermal
noise are given by n and w respectively. If we assume that we don’t have any
misregistration between the images, the value of pixel i in the interferogram can then
be calculated as

_ _ JAp; TR, %
S; = 81,82, = (al,ia2,i)e e +Ne (2.6)

where * gives the complex conjugate, Ag; is the difference in phase contribution
within the pixel, and 4R is the path difference, which corresponds to B, in Figure 2.1.
The amplitude and phase of all parts of the product that are caused by the thermal
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noise are denoted by N and ¥. The complex coherence is defined as (BORN & WOLF,
1980)

E{glg;

y =yl = }
VElf Elef |

where E{ } represents expected value, | | denotes the magnitude, and @ is the phase
of the complex coherence. If we assume that there is no correlation between the
thermal noise terms, or between the thermal noise and the signal, then the noise term
in Equation (2.6) will not influence E{g;g,*} (L1 & GOLDSTEIN, 1990). Coherence
estimation will be discussed in section 2.4.2.

2.7)

In most literature the magnitude of the complex coherence is simply referred to as
the coherence, so from now on, unless specifically stated, coherence will refer to |y|.
The coherence is a measure of the degree of correlation between the images and can
take values between 0 and 1. To make it easier to analyse the coherence we can
divide it in several components (ZEBKER & VILLASENOR, 1992; ULANDER &
HAGBERG, 1995; SMITH et al., 1996)

=l Aol 2.8)

processor | \azimuth\’ \noisel’ Ispatial\’ \temporal
The first two terms are independent of the observed object, the third and fourth are
related to both the object and the system, and the fifth term is only related to the

object properties.

|| processor accounts for distortions due to the SAR processor, e.g. misregistration,
resampling, interpolation, and focus parameters. Nowadays most processors produce
coherence images that hold a quality high enough that |y|,.cessor can be set to unity,
and thereby do not reduce the total coherence.

|| azimuen 18 @ result of different antenna squint angles, i.e. the orbits are not completely
parallel. This leads to a misalignment of the azimuth spectra of the two images. With
a proper azimuth band-pass filter this effect can be reduced (SCHWABISCH &
GEUDTNER, 1995), so that |y|4zimun normally can be set equal to one. It has also been
shown by (ZEBKER & VILLASENOR, 1992) that L-band SAR systems are less
sensitive to squint angle differences than C-band systems.

[¥]n0ise gives the coherence due to thermal noise in the receivers. According to
(ZEBKER & VILLASENOR, 1992) we have

__CNR
i " CNR +1

y (2.9)

where CNR is the clutter to noise ratio. If the system has a high CNR, the noise
decorrelation will be negligible.

|7|spatia 18 determined by volume decorrelation and decorrelation that originates from
the spatial baseline. Spatial decorrelation will be discussed in more detail in 2.3.3.
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|| remporar 1S caused by temporal decorrelation that occurs when the backscatter of the
observed objects change between the acquisitions. In a single-pass system this term
is equal to one, but for repeat-pass systems with long repeat cycles, this term can be
equal to zero. Section 2.3.4 will give more information about temporal decorrelation.

When all decorrelation terms that are insignificant or can be compensated are
removed the coherence expression is reduced to a product of spatial volume
decorrelation and temporal decorrelation

y (2.10)

|?/| = |7 spatial temporal
The phase of the complex coherence is often called the interferometric phase. Like
the coherence, the phase difference between two pixels in an interferogram can also
be divided in several terms with different physical meaning (ULANDER & HAGBERG,

1995; DAMMERT, 1999)

AD =By ppy B AN A AD

= + woise T H2TT (2.11)
AR tan 6, ARsin 6, A A ‘

The first two terms are related to the geometry of the two SAR systems through the
perpendicular baseline B, , incidence angle 6;, and slant range R. The first term also
includes the slant range difference AR that gives rise to phase fringes related to the
system geometry. These fringes occur in the across track direction and can be
removed with so called flat earth removal. The second term contains the difference in
elevation 4z, and thereby describes the phase fringes that are caused by ground

topography.

The third phase term only applies when a coherent movement of all the scatterers
within a resolution cell, given by 4#, has occurred between the acquisitions. Ground
subsidence, earthquakes, and volcanic activity can cause such movements.

The fourth phase term has been included to account for differences in the
atmospheric path 4p. If the electron density in the ionosphere or the water vapour
content in the troposphere changes significantly between the acquisitions, this will
reduce the quality of the interferogram. This effect is commonly referred to as
atmospheric artefact.

The two last terms are the noise contribution and the phase ambiguity. In InSAR
processing, the 2 ambiguity is resolved by the phase unwrapping.

A more thorough description of the phase, and an analysis of the possibilities to

retrieve tree height from C-band interferometric phase is given in (SANTORO, 2003;
SANTORO et al., submitted).

2.3.3 Spatial decorrelation

If the two images used to produce the interferogram have been acquired from slightly
different positions we obtain spatial baseline decorrelation. This means that we are
measuring the backscattered signal from the observed objects with a slightly different
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slant range and look angle and that the images therefore not are completely
correlated. If we only have surface scattering, the spatial decorrelation can be
reduced by wavenumber shift filtering (GATELLI, et al., 1994). This technique works
also if we have a slope in the range direction, but if there is a slope component in the
azimuth direction, this will give residual decorrelation.

Volume scattering, e.g. from a forest canopy or a snow layer, will increase the spatial
decorrelation and cannot be compensated by wavenumber shift filtering. If we
consider the volume scattering being only a function of height above a plane surface,
the total spatial decorrelation can be split in two components (ULANDER ef al., 1995):

spatial -

(2.12)

/4 /4 /4

slantrangel’ |volume

where the first component depends only on system parameters and corresponds to the
part that can be removed with wavenumber shift filtering.

If the baseline is increased a length will be reached where |y|aiss becomes zero, or in
other words, we have complete decorrelation. This length is called the critical
baseline and is given by (ZEBKER & VILLASENOR, 1992)

RA

=—— [m 2.13
" 2L1 COsS Hlook [ ] ( )

where L, is the ground resolution in the range direction. This expression can be
rewritten so that the critical baseline is said to occur when the difference in look
angle is large enough to give a frequency shift that equals the system bandwidth W
(GATELLY, ef al., 1994). Including the local terrain slope in range direction, o, we get

_|PRAtan(8,,, — )|

B | [m] (2.14)

nc

| c

where ¢ is the speed of light. With the system parameters given in Table 1.1, the
critical baseline is about 5.7 km for JERS-1 and 950 km for ERS-1/2. For practical
applications, baselines well below these values are recommended.

234 Temporal decorrelation

In a repeat-pass system the time between the acquisitions allows changes in the
signal scattered back from the observed objects to occur. These changes can be
caused by differences in the geometry or dielectric constant of the scatterers. A
change in the dielectric constant affects the reflectivity, penetration depth and
absorption of the incoming wave. As a result of changes in the backscattered signal,
the coherence decreases and we talk about temporal decorrelation. Depending on (1)
characteristics of the observed object, (2) properties of the observing system, (3)
environmental conditions at the acquisitions, (4) time between the acquisitions and
(5) time of the day and time of the year we can expect different causes and severity
of the temporal decorrelation.
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1) It is obvious that the temporal decorrelation for a forest canopy will be different
from that of e.g. a water surface or exposed rock. Normally exposed rock will neither
move nor change its dielectric properties and is thereby very stable and should not be
affected by any temporal decorrelation. A water surface does not change its dielectric
properties, but the surface is in constant motion and is characterized by strong
decorrelation. A forest canopy is less predictable since it can be, but will not always
be, affected by both motion and changing dielectric properties.

2) The most important system parameters determining temporal decorrelation are
wavelength, incidence angle and polarization. It is important to note that when we
talk about temporal correlation the system parameters do not change between the
acquisitions. Systems with different system parameters observe the temporal changes
differently, but contrary to spatial decorrelation, for a certain system configuration it
is not changes in system characteristics that cause the decorrelation. For example,
when scatterers move between the acquisitions, the decorrelation this cases will be
related to how large the movements are compared to the wavelength. For a forest the
wind has to be stronger to give decorrelation at L-band than at C-band. In (ZEBKER
& VILLASENOR, 1992) complete decorrelation is said to occur when the rms motion
exceeds 10 cm at L-band and 2-3 cm at C-band. The incidence angle and polarization
will affect what type of motion dominates the decorrelation. For incidence angles
smaller than 45° we can expect a greater sensitivity to vertical displacement than to
horizontal displacement (ZEBKER & VILLASENOR, 1992).

3) If the environmental conditions are different at the two acquisitions, this can cause
severe decorrelation. Rainfall during, or shortly before one of the acquisitions will
increase the dielectric constant, wind results in displacement of the scatterers, and
freezing or thawing will dramatically change the dielectric constant. At C-band,
occurrence of wet snow gives strong decorrelation (STROZZI et al., 1999;
GUNERIUSSEN et al., 2001), but spatial variations in the depth of dry snow have also
been observed to affect the coherence (L1 & STURM, 2002). As mentioned in Section
2.2.3, at L-band a snow layer will affect the backscatter from the snow-ground
surface and thereby lead to decorrelation if snow is only present at one of the
acquisitions (SHI et al., 1997). 1t is also likely that for forested areas a heavy snow
cover on the branches will alter the geometry of the scatterers, but at the same time
reduce their possibilities to move.

4) In general the longer the time between the acquisitions, the larger the
decorrelation, simply because a longer repeat-pass allows more changes to occur.
However, this is not always the case. If we have a time series of three images where
the weather conditions at the first and the last acquisition were similar, but the
second was affected by, e.g. rain or strong wind, it is likely that the coherence
between the first and last image is higher than between the first and second or
between the second and the third. In this case the decorrelation does not increase
with increasing temporal interval between acquisitions, instead the observation
conditions return to a “normal state” after a temporary disturbance. The stability of
the observed objects determines the length of the interval between the acquisitions
before we get complete decorrelation. Some objects, like buildings and exposed rock,
will keep a high coherence over very long periods, even when the rest of the image is
completely decorrelated.
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5) To a certain extent the above mentioned normal state for the observations follow
diurnal and annual cycles. As mentioned in Section 2.2.2, the water content in a tree
can vary over the day. If acquisitions are done at different times of the day, a small
temporal decorrelation due to the diurnal change in the backscatter coefficient of the
forest canopy can occur. This is also the case for large diurnal differences in the
temperature or soil moisture. More obvious is the decorrelation that is caused by
seasonal changes in the observation conditions. In the sub-tropical zone the
backscatter from an open surface or a forest will be different depending on if the
observations are made during the dry or the rainy season. In the boreal zone, the
average backscatter level from a scene acquired when the forest is frozen will be
several dB lower than the backscatter coefficient from a summer scene (SANTORO, et
al., 2002a; SANTORO, et al., 2003). If the images used for the coherence estimation
are from different seasons, this can lead to significant decorrelation, whereas two
scenes that are acquired with the same time span, but in the same season are likely to
show less decorrelation (ERIKSSON, et al., 2003).

2.4 InSAR processing

All JERS-1 scenes were processed from level 0 to single look complex (SLC) by
Gamma Remote Sensing Research and Consulting AG (Gamma RS) in Switzerland.
With the exception of the images from 1998, all processing of backscatter images,
estimation of coherence, and geocoding was done at FSU-Jena using the Gamma
Interferometric SAR Processor (ISP), Land Application Tools (LAT), and
Differential Interferometry and Geocoding Software (DIFF) (WERNER et al., 2000).
For the images from 1998 this was done directly by Gamma RS for the project
SIBERIA (SAR Imaging for Boreal Ecology and Radar Interferometry Applications)
(WIESMANN et al., 2000a). Several of the ERS-1/2 image pairs had been processed
and geocoded by the German Aerospace Center (DLR) during the SIBERIA project,
but to reduce possible error sources from the comparison with the JERS-1 data and
with the new ERS-1/2 data, all ERS-1/2 data from SIBERIA were reprocessed with
the Gamma software.

The definition of what should be called pre-processing and post-processing depends
on what is considered being the main processing. In this thesis the focus is on the
coherence, so consequently all processing steps conducted before the coherence
estimation will be called pre-processing whereas everything done afterwards is post-
processing.

2.4.1 Pre-processing

The first steps of the JERS-1 pre-processing were done with the Gamma Modular
SAR Processor (MSP) in connection with the preparation of the SLC images. This
included the radiometric calibration that accounts for sensitivity gain control,
automatic gain control, and correction for the range antenna pattern. In addition the
data were filtered for radio frequency interference. All ERS-1/2 data were delivered
from ESA directly in SLC-format.
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The SLC data have been registered to common slant range geometry. The quality of
the coherence estimate depended on the co-registration accuracy. An automated
approach based on the co-registration of many image chips has been used
(WEGMULLER ef al., 2001). The standard deviation of the SLC registration in range
and azimuth was between 0.1 and 0.3 pixels depending on image content. Common
band filtering has also been applied.

2.4.2 Coherence estimation

The magnitude of the complex coherence defined in (2.7) can be estimated for
example by means of a Maximum Likelthood (ML) estimator of the form
(DAMMERT, 1996):
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where N, is the number of pixels in the estimation window. The term e /% has been
added to correct for topography induced phase. If the ground is flat this term can be
excluded, but this is rarely the case. The bias in the estimation will decrease with
increasing window size, but at the same time the spatial resolution will decrease
(SEYMOUR & CUMMING, 1994).

As a compromise between accurate estimation and high spatial resolution the
coherence estimation was carried out with an adaptive window size. The size of the
estimation window was determined by the coherence values from a rough first
estimation with fixed window size (WEGMULLER & WERNER, 1996). The adaptive
estimator was large when estimating low coherence values and small when
estimating high coherence values. In addition to this the local phase plane and the
backscatter texture were given as inputs to improve the coherence estimation.
Without the phase plane the estimator would assume a constant phase within the
estimation window, which would result in an underestimation of the degree of
coherence in sloped terrain. The backscatter texture will affect the size of the
adaptive window. For high texture areas the window size is reduced in order to get
more homogeneous targets within the estimation window. The texture was defined as
the standard deviation divided by the mean, and was calculated within 15x15 pixels
large windows with a linearly decreasing weighting function. The lower and upper
limits for the window size for the coherence estimation were set to 3x3 and 9x9
pixels. A Gaussian weighting function was applied to the estimation window.

2.4.3 Post-processing

Geocoding was used for the registration of the JERS with the ERS images and the
available in-situ data. For Bolshe-Murtinsky an interferometric DEM was produced
during the SIBERIA project (ROTH et al., 1998; ROTH et al., 1999). For Chunsky a
new InSAR DEM had to be created from an ERS pair from 1996. These DEMs have
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been used for the geocoding and terrain correction of all JERS and ERS data, except
for the JERS summer pairs from 1998, which were processed before the InSAR-
DEMs were available. In these cases the global DEM GTOPO30 from the United
States Geological Survey (USGS) was used as geometric reference. GTOPO30 has a
horizontal grid spacing of 30 arc seconds, which at these latitudes corresponds to
approximately 1 km in latitude and 500 m in longitude. Quadratic spline
interpolation algorithms were used for the data interpolation necessary in the
resampling step. An additional fine registration with the ERS image was done to
improve the data for analysis (WEGMULLER, 1999). The pixel spacing was chosen to
25 m. Coregistration accuracy on the order of 1-2 pixels was reached between the
geocoded data sets.
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Chapter 3

Test sites and data
3.1 Test sites

Two forest territories on the Central Siberian Plateau have been selected as test sites.
The selected sites, Bolshe Murtinsky and Chunsky, are two of the 13 forest territories
that were used in the European Union (EU) funded SIBERIA project (SCHMULLIUS
et al., 2001). These territories have been selected based on the availability of ground
data, satellite data and meteorological data. They both belong to the southern taiga
sub-zone of the boreal forest.

3.1.1 Bolshe Murtinsky

Bolshe Murtinsky is located on both sides of the river Yenisey, about 90 km north of
Krasnoyarsk, the capital of the administrative region Krasnoyarsk Kray. Four test
areas are situated within the Bolshe Murtinsky test territory. These four respectively
belong to the Talovskoje, Krasnokluchevskoje, Predivinskoje and Ukseevskoje local
forest districts, but for simplicity they will hereafter be referred to as Bolshe NW,
Bolshe SW, Bolshe NE and Bolshe SE after their geographical location in the test
territory. The coordinates for each test area, their extent and geographical location
relative to each other are displayed in Figure 3.1.

The size of each test area is between 200 and 300 km? and based on the forest
inventory, which will be discussed in more detail in Section 3.2, the number of forest
stands ranges from 544 to 1605, which indicate large differences in the stand sizes.
Bolshe NE is fractioned into a large number of smaller stands (mean size 17 ha),
while Bolshe SW is more homogeneous and contains several stands larger than 200
ha, with a mean stand size of 48 ha. In this sense Bolshe NW and SE show more
resemblance with Bolshe NE. More detailed information about number of forest
stands, stand sizes and growing stock volume in the test areas is given in Table 3.1.

The main tree species are fir (Abies sibirica), spruce (Picea sibirica), cedar (Pinus
sibirica), pine (Pinus sylvestris), birch (Betula pendula), and aspen (Populus
tremula). Small amounts of larch (Larix dahurica and Larix sibirica) and willow
(Salix) can also be found. In general it can be said that most forest stands are natural
stands with mixed forest. Figure 3.2 gives two examples of the diversity in the forest
composition of natural stands that can be found in the region. Forest plantations or
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natural stands with only one tree species are not common in the test areas. A natural
stand is here defined as a stand of growing trees resulting from natural regeneration
following a forest disturbance like a stand replacing fire or clear cutting. The tree
species composition differs somewhat between the four test areas, especially between
the two areas west of Yenisey and the two on the eastern bank. Fir, spruce, cedar and
birch are common in all test areas, but as shown in Figure 3.3 the coniferous species
are more dominant in Bolshe NW and SW. The largest difference can be found for
aspen, which is the second most common species east of Yenisey, but comparatively
rare in the western areas. The same is true for pine, even though it only accounts for
a smaller fraction of the total amount of trees.

In the Bolshe Murtinsky test territory the topography on the western and eastern
sides of Yenisey are rather different. Except for a couple of steep slopes along the
border of the Bolshe SW test area, the terrain on this side of the river is fairly gentle.
At Bolshe NW the elevation varies between 220 and 260 m and at Bolshe SW
between 300 and 330m. On the eastern side the topography is more varied,
containing more hills and steeper slopes. The western parts of Bolshe SE are situated
on a fairly steep slope down to the river. In a distance of 2-3 km from the river bank
the elevation increase with up to 150 m. When moving further away from the river,
the elevation reaches about 300 m above sea level at the centre of the test area and
then decreases to around 200 m further to the east. With stream valleys at below 200
m and a peak at above 400 m above sea level, Bolshe NE is the test area with the
largest topographical differences in the territory. This probably explains why Bolshe
NE is fragmented into many small forest stands, and presents the smallest mean
stand size of the available test areas.

3.1.2 Chunsky

The Chunsky forest territory is located about 280 km northeast of Krasnoyarsk, south
of the river Angara. Chunsky contains five test areas spread over an area 160 km
wide in east-west direction and 70 km in north-south direction. Only for three of
these test areas a good time series of JERS scenes was available. The three areas will
be referred to as Chunsky North, Chunsky South and Chunsky East. The coordinates
for each test area, their extent and position relative to each other are displayed in
Figure 3.1. Information about size, number of forest stands and growing stock
volume of the test areas are given in Table 3.2. Compared to Bolshe Murtinsky the
test areas are larger (between 300 and 400 km?), but the number of stands per test
area is about the same (between 890 and 1226), resulting in considerably larger mean
sizes of the stands.

As in the Bolshe Murtinsky territory, birch and aspen are the main broadleaf species,
but the composition of coniferous species is radically different (see Figure 3.4).
While pine and larch are comparatively rare in Bolshe Murtinsky, they are the
dominant coniferous species in the three studied test areas in Chunsky. Fir, spruce
and cedar, which are the main coniferous species in Bolshe Murtinsky, are less
common in Chunsky. The majority of the forest stands are natural stands with mixed
tree species composition, but the amount of stands with only one species seems to be
slightly larger than in Bolshe Murtinsky. Most of these ‘“single-species” stands
contain either pine or birch. There are only small differences between the species
composition in Chunsky South, North and East.
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Figure 3.1 Geographical location of the Bolshe Murtinsky and Chunsky test territories. The
satellite frames have been indicated with boxes with the corresponding path/track numbers

given at the lower right corner. 157, 158, 163 and 165 are JERS-1 paths and 305, 348 and 491

ERS tracks. The locations of the meteorological stations are marked with triangles.
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Figure 3.2 Two examples of natural forest in the Bolshe Murtinsky territory. The left
picture shows a dense mixed forest with trees of many different age classes. To the
right a stand with mature pine and a few birches. The stems show clear marks of a
ground fire.
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When the polygons of the Chunsky test territory are superimposed onto the DEM, it
can be seen that the shapes of the three test areas have been influenced by the
topography and the landscape. Chunsky South basically corresponds to the drainage
area of two streams. A few peaks at elevation higher than 400 m can be found around
the border of the test site. The average elevation varies between 300 and 350 m, with
steep slopes down to a level of 200 m in the stream valleys. Chunsky North is
situated between two streams. The range of elevations is similar to Chunsky South,
with peaks above 400 m in the northwest corner and deep stream valleys, but the
slopes down to the streams are less steep and the landscape is slightly gentler. The
northern boarder of Chunsky East is the river Karabola and in the west it follows the
railroad that crosses the landscape in north-south direction. The elevation of the test
area slowly rises from 200 m along the river to almost 400 m in the south.

Table 3.1 Characteristics of the four test areas in the Bolshe Murtinsky test territory.
The columns “Database” refer to all available stands in the ground truth database,
and the columns “Used” to the stands that were used in the analysis, i.e. after
removal of small stands. The total area and mean size for the stands in the column
“Used” are the sizes before edge erosion.

Bolshe-Murtinsky Bolshe-Murtinsky Bolshe-Murtinsky Bolshe-Murtinsky
Northwest Southwest Northeast Southeast
Database Used Database Used Database Used Database Used
Area [km?] 294 143 262 173 276 209 96
Stands 1259 242 544 156 1605 0 963 170
Mean size [ha] 23 59 48 111 17 22 56
Natural
stands [%)] 90 83 92 93 91 88 97
Min [m®/ha] 0 0 0 0 0 0 0
Max [m®/ha] 470 410 470 470 450 410 380
Mean [m3/ha] 236 234 175 143 188 185 192
Std, Dev 102 103 104 115 98 78 77
[m°/ha]

Table 3.2 Characteristics of the three test areas in the Chunsky test territory. The
columns “Database” refer to all available stands in the ground truth database, and the
columns “Used” to the stands that were used in the analysis, i.e. after removal of
small stands. The total area and mean size for the stands in the column “Used” are
the sizes before edge erosion.

Chunsky North Chunsky South Chunsky East
Database Used Database Used Database Used
Area [km?] 387 255 312 193 364 194
Stands 1226 396 890 290 1019 253
Mean size [ha] 32 64 35 67 36 77
Nat”r[%ta”ds 81 81 93 01 88 90
Min [m%ha] 0 0 0 0 0 0
Max [m3/ha] 470 330 420 370 430 370
Mean [m®/ha] 163 150 207 209 141 119
Std. Dev [m®/ha] 101 107 77 73 112 113
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3.2 Ground data

When methods for estimation of forest parameters with satellite data are developed,
it 1s necessary to have reliable “ground truth” information for the validation of the
results. The following sections describe the ground data that were available for the
selected test areas.

3.2.1 Russian forest inventory

To identify individual forest stands the Russian forest has been divided in several
geographical levels with decreasing spatial extent (SCHMULLIUS, et al., 2001). The
lowest level (largest extent) that is relevant in a test territory is the forest district.
Each district is sub-divided in kvartals, which are administrative areas ranging in size
from 50 to 4000 ha. The kvartal boundaries follow larger natural features like
mountains and rivers, when such are available, and are otherwise made up of
artificial lines that normally form rectangular boxes. Harvesting usually follows the
kvartal boundaries. As a side effect, this allows identification of larger clear-cuts
from their shape in remotely sensed imagery. Within a kvartal so called primary
inventory units are formed. These should be relatively homogeneous in terms of tree
species composition, age, vertical structure, quality and relative stocking. This is the
highest level of sub-division, which hereafter, for forested areas, will be referred to
as stands.

Depending on forest management requirements, two types of forest inventory are
conducted in Russia (SCHMULLIUS, et al., 2001). Remote unmanaged forests are
surveyed with satellite images or a multi-stage sampling technique involving air
photo transects and ground sample plots. However, about 70 % of the forests are
inventoried with the second method, the “Forest Inventory and Planning” (FIP)
method, that is used for managed forest. With the FIP method aerial photos at a scale
of between 1:10000 and 1:25000 are used for the delineation of stand boundaries.
Ground measurements are used to verify the photo interpretation and provide final
estimates of the forest variables. Each Russian forest enterprise is supposed to update
their FIP surveys every 10-20 years. All test territories from the SIBERIA project,
were inventoried with the FIP method. The data from Bolshe Murtinsky and
Chunsky were both updated in 1998.

3.2.2 Forest GIS parameters

Information about the forest stands was available in a geographical information
system (GIS) database that was created by the International Institute for Applied
Systems Analysis (IIASA) and their Russian partners in the SIBERIA project. For
each stand there are parameters defining area, land category, relative stocking,
growing stock volume, age of dominant species, tree species composition, tree height
and diameter. Here follows a short description of each parameter:
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Area — Vertical projection of the area as reported in the forest inventory.

Land category — All basic categories for the entire landscape, the most important
being natural stand, forest plantation, burned forest, clear-cut areas, agriculture, and
bog.

Relative stocking — A comparison of the stocking of a particular stand to the
stocking achievable under perfect management conditions.

Growing stock volume — The stem volume for all trees greater than or equal to 6 cm
at breast height (1.3 m). In young stands all stems are considered. Expressed in
m?/ha.

Age — Age of the dominant species expressed in years.

Composition — Percent of the growing stock of the trees in the main canopy layer
that belong to the specified tree species. Given separately for all main tree species.

Height — Estimate of the average tree height of the dominant species in a stand.

Diameter — Estimate of the average tree diameter of the dominant species. The
diameter is measured at breast height.

Of these parameters only area, land category, growing stock volume and composition
could be used. The relative stocking would require information about, e.g. site
quality and yield table to make it possible to relate it to basal area, percent cover or
density. The problem with the parameters age, height and diameter are that they are
given for the dominant species and not for the entire stand. The dominant species is
not dominant by number, but by economic value. Cedar has the highest value,
followed by pine, and deciduous species have the lowest value. When cedar trees are
present in a stand, the age of the stand is given for the cedars, regardless of their
percentage in the stand (SCHMULLIUS, et al., 2001).

As can be seen in Table 3.1 and 3.2, about 90% of all stands in the Bolshe Murtinsky
and Chunsky test territories are classified as natural stands, i.e. “stands of growing
trees resulting from natural regeneration following a forest disturbance”. This
disturbance can, e.g. be a stand replacing fire or a clear-cut. These stands have
relative stocking greater than or equal to 10 % for young age groups and greater than
or equal to 30 % for all other age groups. The classes burned forest and clear-cut
areas both have relative stockings of less than 10 %.

3.2.3 Digital elevation models and topographic maps

For the geometric and radiometric correction of the radar images a DEM is required.
It is not possible to get DEMs directly from Russia since these are guarded by strict
national security regulations. From the USGS the GTOPO30 is available. This is a
DEM with global coverage, but the spatial resolution of 30 arc seconds corresponds
to a grid size of only 1000 m in latitude and, at 60° N, 500 m in longitude. For
correction of satellite images with 25 m pixel size this resolution is generally too
coarse. During 11 days in February 2000 the US space shuttle flew the SRTM
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mission, with the goal to collect single-pass interferometric SAR data that could be
used to produce a DEM covering about 80% of the Earth landmass. Since the
beginning of 2004 this DEM is available for Siberia (up to 60° N) at approximately
90 m resolution, but this was too late for the processing of the images that have been
used in this study.

Instead of the above-mentioned alternatives, DEMs that were produced from repeat-
pass interferometric SAR data from the ERS-1/2 tandem mission have been used. For
Bolshe Murtinsky such DEMs were available from the SIBERIA project
(SCHMULLIUS, et al., 2001). They were produced by DLR and were available at 50 m
horizontal resolution. However, INSAR DEMSs could only be generated for 48 of the
122 ERS frames that were needed to cover the SIBERIA project area. Unfortunately
the three test areas in Chunsky were not covered by InSAR DEMs, since the
coherence between the available ERS scenes had been too low. A search in the ESA
archives revealed that a tandem pair had been acquired over the area by the receiving
station in Beijing in January 1996. This pair was ordered, delivered and processed to
a DEM at FSU-Jena during 2001.

For the generation of INSAR DEMSs, control points are needed to fix the unwrapped
interferogram to real altitudes. These control points were taken from Russian
topographic maps at 1:200000 scale that were available at DLR.

3.3 Satellite image data

Data from three different radar satellites have been used in the study. These three are
the Japanese JERS-1 and the two European satellites ERS-1 and ERS-2. The main
reason for focusing on the JERS-1 data was that less work has been done on L-band
interferometry than on C-band interferometry, but the availability of suitable data
was also an important factor. In 1997 and 1998 the Global Boreal Forest Mapping
(GBFM) project and the SIBERIA project ensured that a large number of JERS-I,
ERS-1 and ERS-2 images were acquired over central Siberia. These projects were
the first efforts to get a complete and consistent coverage of this region. Before that,
a few ERS-1/2 scenes had been acquired by the receiving station in Beijing during
the tandem mission phase that lasted from August 1995 to June 1996. JERS-1 had
the advantage of having an onboard data recorder that made it possible to record data
from anywhere in the world and later download it to a receiving station. This might
be one reason to why there exist more JERS-1 data than ERS-1/2 data from Bolshe
Murtinsky and Chunsky. JERS-1 data are available as early as 1993. The ERS-1/2
data have been included in the study in order to allow a comparison between L-band
and C-band coherence. To get comparable temporal baselines, 35-day repeat-pass
pairs from either ERS-1 or ERS-2 would have been required, but unfortunately no
35-day pairs were available from the winter season. As will be shown in Chapter 4,
the winter season is the most suitable for repeat-pass coherence with long temporal
baselines.

A listing of the analysed JERS-1 and ERS-1/2 data is given in Table 3.3 and Table
3.4 respectively. Figure 3.1 shows the coverage of the satellite frames with respect to
the test areas in Bolshe Murtinsky and Chunsky. A number of scenes from JERS-1
paths and ERS-1/2 tracks adjacent to those listed in Table 3.3 and Table 3.4 have
been left out of the study, because 1) they did not completely cover any test area, ii)
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the image quality was too low, iii) the acquisition date duplicated acquisitions from
the analysed tracks, and would thereby not add any additional information. The
processing of the SAR data is described in Section 2.4.

Table 3.3 Available JERS-1 44-day pairs

First date Second date GRS Path perpei?ﬁiﬂ?aer [m] Test site
1994-01-06 1994-02-19 165 1752 Bolshe Murtinsky
1996-10-14 1996-11-27 165 705 Bolshe Murtinsky
1996-11-27 1997-01-10 165 844 Bolshe Murtinsky
1997-01-10 1997-02-23 165 1875 Bolshe Murtinsky
1997-02-21 1997-04-06 163 2091 Bolshe Murtinsky
1997-02-23 1997-04-08 165 1212 Bolshe Murtinsky
1997-04-06 1997-05-20 163 374 Bolshe Murtinsky
1997-05-20 1997-07-03 163 >7000 Bolshe Murtinsky
1997-07-03 1997-08-16 163 970 Bolshe Murtinsky
1998-06-22 1998-08-05 165 208 Bolshe Murtinsky
1993-12-29 1994-02-11 157 550 Chunsky
1995-10-20 1995-12-03 157 1947 Chunsky
1995-12-03 1996-01-16 157 3 Chunsky
1995-12-04 1996-01-17 158 106 Chunsky
1996-01-16 1996-02-29 157 319 Chunsky
1996-01-17 1996-03-01 158 509 Chunsky
1997-04-01 1997-05-15 158 27 Chunsky
1998-06-14 1998-07-28 157 1108 Chunsky
Table 3.4 ERS pairs covering Bolshe Murtinsky and Chunsky.
First date Second date Track perpei?ﬁiﬂ?aer [m] Test site
1996-01-01 1996-01-02 305 146 Bolshe Murtinsky
1997-09-22 1997-09-23 305 270 Bolshe Murtinsky
1997-09-25 1997-09-26 348 231 Bolshe Murtinsky
1997-10-27 1997-10-28 305 174 Bolshe Murtinsky
1998-05-28 1998-05-29 348 306 Bolshe Murtinsky
1996-01-14 1996-01-15 491 64 Chunsky
1997-10-05 1997-10-06 491 239 Chunsky
1998-06-07 1998-06-08 491 327 Chunsky
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3.3.1 Bolshe Murtinsky

Bolshe NW and SW are covered by the JERS-1 ground reference system (GRS) path
165, row 204 and 205, and ERS-1/2 track 348, frame 2457. The two JERS-1 frames
have been mosaicked together and will hereafter only be referred to as path 165. For
this path a time series including five consecutive passes from October 1996 to April
1997 has been acquired. Together with the 44-day pair from the summer 1998, this
provided good possibilities to study seasonal differences, which will be analysed in
Section 4.1. In addition, a 44-day pair from January/February 1994 allowed an
analysis of interannual differences. From track 348, two ERS-1/2 tandem pairs were
available.

Bolshe NE and SE are covered by GRS-path 163, row 204 and 205, and these will be
denoted path 163. Also in this case a time series containing five consecutive passes
was available, but the covered period stretches from February to August 1997. The
series could have been even longer, since the acquisition from November 1996 is
also available, but unfortunately the pass from January 1997 is missing. The
usefulness of the time series is also limited by the fact that a shift in the JERS-1 orbit
occurred sometime between the acquisition in May and July, giving a spatial baseline
of over 7 km. An additional problem is that the delivered August scenes show serious
artefacts in the form of broad bands that cross the images. One of these bands passes
over Bolshe NE, making it impossible to get any useful information from this test
area.

As can be seen in Figure 3.1, the ERS-1/2 frames from track 348 and 305 are
positioned so that Bolshe NE and SE are partly contained in the overlapping area
between the frames. Bolshe SE is not 100 % covered by any of the two frames, and
Bolshe NE is only fully covered by the frame from track 305.

3.3.2 Chunsky

Two JERS-1 paths have been used to cover the three test areas in the Chunsky
territory. Chunsky South and North are situated within GRS-path 158. Row 203 and
204 have been mosaicked together and will be referred to as path 158. From path 157
it was enough to order row 203 to cover Chunsky North and about 90 % of Chunsky
East. The data from path 157 included four consecutive passes from October 1995 to
February 1996, and for path 158 three consecutive passes have been acquired in the
period from December 1995 to February 1996. In addition a number of single 44-day
pairs from different seasons were available. The ERS-1/2 coverage consisted of three
tandem pairs from track 491, frame 2439. All three pairs were from different years
and different seasons. Only about 70 % of Chunsky East was covered by this frame.

3.4 Meteorological data

For the interpretation of SAR images and derived products it is essential to have
access to meteorological data. The World Meteorological Organization (WMO) has a
network of weather stations all over the world that report a number of meteorological
parameters on a regular basis. During the SIBERIA project data from all stations in
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the project area were ordered from the German weather service (DWD) for
September and October 1997 and May to August 1998. To cover the SAR
acquisitions that were done before September 1997, additional data were ordered in
2002 for the stations that are located closest to Bolshe Murtinsky and Chunsky. The
location of the stations in relation to the test areas can be seen in Figure 3.1. The
meteorological data that were provided include air temperature, wind speed,
precipitation, snow depth, dew point, and cloud cover.

3.4.1 Bolshe Murtinsky

Of the available WMO stations, seven are located within 100 km distance from at
least one of the test areas in the Bolshe Murtinsky territory. Three of these,
Pirovskoje, Bolshaja Murta and Suhobuzimskoje, are within 50 km from one of the
test areas, but only Bolshaja Murta is within 50 km distance from all four test areas.
The most important meteorological observations from the station in Bolshaja Murta
are given in Table 3.5 for the dates with JERS acquisitions, and in Table 3.6 for the
ERS dates. In general there are no big differences between the observations from
Bolshaja Murta and the other six stations. From 1994 no observations were available
from DWD for any of the seven stations. To fill this gap data from Bolshaja Murta
were taken from the Weather Underground web site (www.wunderground.com).
These data were only available on a daily basis.

For Bolshaja Murta DWD provided measurements from four daily observations,
made at 0:00 Universal Time Coordinated (UTC), 6:00 UTC, 12:00 UTC and 18:00
UTC. The temperature and wind speed measurements that are reported in Table 3.5
and Table 3.6 are from the 6:00 measurement, since the JERS and ERS satellites
passed over the studied region at approximately 4:30 UTC (11:30 official Russian
time zone; 10:30 local solar time) for descending passes. No ascending passes have
been used.

3.4.2 Chunsky

The network of WMO reporting stations was much sparser around Chunsky than
around Bolshe Murtinsky. Only the station in Boguchany was located within 50 km
distance from any of the test areas in the territory. The station in Dzerzhinskoje was
situated approximately 100 km from Chunsky South, but from DWD observations
from this station were only available after August 1996. The data set from
Boguchany contained observations from the whole period between January 1993 and
October 1997, and from May to August 1998. Until August 1996 four daily
observations were recorded. After that the reporting frequency was doubled, giving
observations every third hour. The observations from Boguchany are given in Table
3.7 for the dates with JERS acquisitions, and in Table 3.8 for the ERS dates. As
explained in the previous section about Bolshe Murtinsky, all given temperature and
wind speed measurements are from the 6:00 UTC observations. A more detailed
analysis of the meteorological observations and their influence on the SAR
acquisitions will be given in Section 4.1.
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Table 3.5 Weather conditions at the JERS acquisitions over Bolshe Murtinsky.
Weather station: Bolshaja Murta.

Max/min
o Wind Snow temperature
Dates Temp. [*C] speed [m/s] | depth [cm] Comments between

acquisitions [°C]

1994-01-06 -17 2 39 Snowfall 1994-01-27: -3
1994-02-19 -17 2 49 Light snowfall 1994-01-08: -36
1996-10-14 +9 2 0 1996-10-14: +11
1996-11-27 -22 2 27 Light snowfall 1996-11-11: -31
1996-11-27 -22 2 27 Light snowfall 1997-01-08: +2
1997-01-10 -19 1 42 1996-12-29: -39
1997-01-10 -19 1 42 1997-02-20: +3
1997-02-23 -16 3 54 Light snowfall 1997-01-12: -37
1997-02-21 -1 3 53 +3.5°C the day before 1997-04-04: +12
1997-04-06 +6 3 0 Snowmelt 1997-02-26: -34
1997-02-23 -16 3 54 Light snowfall 1997-04-07: +15
1997-04-08 +13 1 0 Snowmelt 1997-02-26: -34
1997-04-06 +6 3 0 Snowmelt 1997-05-07: +24
1997-05-20 +26 2 0 1997-05-03: -6
1997-05-20 +26 2 0 1997-05-21: +30

1997-07-03 +20 1 0 1997-06-04: 0
1997-07-03 +20 1 0 1997-07-12: +31
1997-08-16 +23 3 0 Heavy rain 2 days earlier 1997-08-14: +5
1998-06-22 +10 1 0 Rainfall 1998-06-22: +2
1998-08-05 +21 2 0 Heavy rain the day before | 1998-07-06: +28

Table 3.6 Weather conditions at the ERS acquisitions over Bolshe Murtinsky.
Weather station: Bolshaja Murta.
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Dates Temp. [°C] erEg]}sspieed Snow depth [cm] Comments
1996-01-01 -22 3 Unknown Light snowfall
1996-01-02 -23 1 Unknown Snowfall
1997-09-22 +17 1 0 Rain the day before
1997-09-23 +19 1 0
1997-09-25 +19 1 0
1997-09-26 +12 1 0
1997-10-27 +2 0 Unknown Frozen at night
1997-10-28 0 0 Unknown Frozen at night
1998-05-28 +26 1 0
1998-05-29 +19 1 0




Table 3.7 Weather conditions at the JERS acquisitions over Chunsky. Weather
station: Boguchany.

. Max/min temperature
Dates Temp. [°C] Wind speed | Snow depth Comments between acquisitions
[m/s] [cm] °C]

1993-12-29 -13 3 27 Snowfall 1994-02-01: -4
1994-02-11 -13 4 45 Light snowfall 1994-01-16: -44
1995-10-20 0 4 - Freezing 1995-10-23: +10
1995-12-03 -15 0 19 Light snowfall 1995-11-21: -22
1995-12-03 -15 0 19 Light snowfall 1995-12-18: -3
1996-01-16 -23 0 27 Light snowfall 1996-01-11: -43
1995-12-04 -17 0 17 1995-12-18: -3
1996-01-17 -20 1 27 1996-01-11: -43
1996-01-16 -23 0 27 Light snowfall 1996-02-21: -4
1996-02-29 -5 3 31 1996-01-28: -37
1996-01-17 -20 1 27 1996-03-17: -3
1996-03-01 -3 4 31 Light snowfall 1996-01-28: -37
1997-04-01 +7 3 17 Rapid snowmelt 1997-05-07: +21
1997-05-15 +11 2 0 1997-04-19: -5
1998-06-14 +16 5 0 Rain 1998-07-01: +30
1998-07-28 +18 0 0 Rain the day before 1998-06-19: +4

Table 3.8 Weather conditions at the ERS acquisitions over Chunsky. Weather
station: Boguchany.

Dates Temp. [°C] W'?g]/ssq%d Snow depth [cm] Comments
1996-01-14 -19 2 27 Snowfall
1996-01-15 -24 0 27 Light snowfall
1997-10-05 +6 1 0 Rain between
1997-10-06 +5 1 0 acquisitions
1998-06-07 +15 1 0 Rain the day before
1998-06-08 +20 2 0
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Chapter 4

Decorrelation analysis

In Chapter 2 causes for decorrelation of the interferometric coherence were listed. In
this chapter the main causes for decorrelation of the available JERS-1 repeat pass
coherence will be analysed. Temporal decorrelation will be handled in two sections;
one focused on the environmental conditions at and between the acquisition dates,
and one on the temporal baseline. Spatial decorrelation will be examined in a
separate section and finally a comparison with C-band data will be made.

4.1 Environmental conditions

In the following analysis we will only consider natural forest stands with a size of 5
ha (20 pixels) or more. As can be seen in Table 3.1 and Table 3.2, at least 80 % of all
stands are classified as natural stands, and in four out of six test areas the percentage
natural stands is at least 90%. For sparse forest a portion of the signal originates from
the ground. To allow an evaluation of the effect canopy density has on the temporal
decorrelation, coherence values will be given both for sparse and dense forest.
Values for sparse forest represent stands with growing stock volumes in the range 5
to 25 m?/ha, and dense forest 280 to 470 m?/ha.

4.1.1 Temperature

The critical point when considering the influence of temperature is if the SAR data
were acquired at temperatures above or below the freezing point. Since frozen water
has a dielectric constant much lower than fluid water, the dielectric constant of trees
and soil changes and thereby also the strength of the signal scattered back. At L-band
it has been shown that the backscattering coefficient at HH-polarization is less
affected by thawing/freezing than the VV- or HV-polarizations, but still gives a
change of 0.4 to 2.5 dB for forest stands (WAY, ef al., 1990; RANSON & SUN, 2000).

When analysing repeat pass coherence it is necessary to consider the temperatures at
both acquisitions. The temperatures between the acquisitions will only influence the
coherence indirectly. In winter and spring composition and properties of the snow
layer will be affected by the temperatures, especially thawing and freezing events,
and the snow show a historical record for the temperatures during the whole winter.
This will mainly affect volume scattering at shorter wavelengths, but as mentioned in
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Section 2.2.3, L-band shows no significant volume scattering from snow. For
coherence from the summer the temperatures between the acquisitions should have
less influence, but during a period without rain higher temperatures will reduce the
water content in ground and in forest canopy faster than lower temperatures.

Temperatures at the acquisitions and the temperature extremes in the period between
the acquisitions are given in Table 3.5 and Table 3.7. To allow a more detailed
analysis the complete temperature records for two periods covering the majority of
the available JERS-1 acquisitions are displayed in Figure 4.1 (Bolshe Murtinsky) and
Figure 4.2 (Chunsky). For Bolshe Murtinsky the acquisition in October was done
during a period of frequent fluctuations around zero degrees. After that the
temperatures stayed well below the freezing point, with a few short exceptions. It
should be noted that the acquisitions on 25 November, 10 January and 21 February
were done shortly after days with temperatures around zero. In the beginning of
March 12 days of measurements are missing, and after that the thawing period has
started. Both acquisitions from April were made during the thawing period. From
mid May the temperatures are constantly above zero. The temperature curve from
Boguchany, north of Chunsky, only displays values until March, since no more SAR
acquisitions are available from that year. The trend is similar to the one recorded in
Bolshaja Murta a year later. The temperatures fluctuate around the freezing point in
October, then decrease to values constantly below zero from December to March
when the average temperatures start rising again.

In Figure 4.3 the temperatures at the acquisitions have been plotted against the
corresponding coherence values. Image pairs where one of the acquisitions was done
at temperatures above zero and the other at temperatures below zero consistently
show very low coherence values both for sparse and dense forest stands. In addition,
three pairs where the lowest temperature is around 7° C have low coherence. A
closer look at the data reveals that all these pairs are from April-May. For the
February-April pair covering Bolshe NW and Bolshe SW the differences between the
two SLC images were large enough that the normal coregistration procedure failed
and no coherence estimation could be performed. This has been indicated with a zero
coherence value in the figures. In sparse forest we find that for pairs where both
acquisitions were done at temperatures below the freezing point the coherence in
general is high. A single exception is found for the pair 27 November — 10 January
where the coherence for Bolshe SW is as low as 0.21. The coherence for Bolshe NW
from the same pair is considerably higher (0.38), and a visual inspection of the
coherence image confirms that a large region in the south is affected by local
decorrelation. The weather stations are too sparsely distributed to allow a study of
local phenomena, but it is unlikely that the temperature should be 20 degrees higher
in Bolshe SW than at the weather station in Bolshaja Murta. In the following sections
it will be analysed if other environmental conditions can explain this discrepancy.

In Table 3.5 and 3.7 occurrence of snowmelt, rain and snowfall has been indicated in
the comments column. The effect of freezing, thawing and precipitation on the
coherence is illustrated in Figure 4.4. All JERS-1 pairs where thawing or freezing
occurred between the acquisitions show very low coherence. The difference between
sparse and dense forest becomes so low that no information about forest density can
be derived from the coherence images. Thawing is the only environmental condition
where the mean coherence from sparse forest is not higher than for dense forest. The
effects of precipitation will be analysed in the following section.
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Station 29471

Bolshaya Murta
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Figure 4.1 Temperatures registered between 4 October 1996 and 30 August 1997 at
the weather station in Bolshaja Murta. No data was reported between 1 and 13 March

1997.
Station 29282 Bogucany
20 | i i }
: i P JERS-1 Path 157 :
! i " ____ JERS-1Path 158 H
h l ; i i ERs/2Trackdst il
10 : -
' il ol H
! ' "'\ i
| i |
i) | }
07 TTT T TTT TITTTT TTTRUTTTILIT T T T IITI T T T ITT T I T TTITITTT \\\IIIHHIIIIH\IIIIH\IIIII\\IIIIII\IIIIIIIIIIIIIIIIIIIIIIIIIIIIII
o | !
by i i IH I
@ : :} I\\ l i
=2 -10 : Db A NI i
© H I I i v \ 1
= : i th :l‘
g ' i i
=220 : : ) H
; a: . [l
H | ol
! i NN '
: i i !
-30 : y o || i
: ! il |
: i e i
| ! i |
-40
L el el [Le] el el Lo el [Xe] [{=] w [{=] [{=] w [{=] [{a]
& & & = & & S & S =7 = =7 = & = &
€ 2 2 - - - ¢ & ¢ 53m B 5 8 3 8 8
- — ol — — ol ] © <t ] © I ] <t <t [te]
[e=] — o o — o o — (o] [e=] — o [e=] -— (o] o

Figure 4.2 Temperatures registered between 4 October 1996 and 30 August 1997 at

the weather station in Boguchany.
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Figure 4.3 Coherence plotted against temperature. For each coherence pair the
temperatures at both acquisition dates are given and connected with a vertical line.
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Figure 4.4 Coherence for different weather conditions. Weather code: 1 = thaw, 2 =
freeze, 3 = rain at one of the acquisitions, 4 = rain at both acquisitions, 5 = snowfall
at both acquisitions, 6 = snowfall at one acquisition, 7 = Frozen, but no precipitation,
freezing, or thawing.

4.1.2 Precipitation and moisture

At temperatures above the freezing point precipitation will be in the form of rain,
which affects the dielectric constant of the ground, and with some delay also of the
forest canopy. At L-band and HH-polarization rain has been reported to give an
increase in the backscattering coefficient from forest of 0-2 dB (BERGEN et al.,
1997). The coherence depends on the differences in soil moisture and tree water
content between the two acquisitions. Similar conditions at both acquisitions will
have little influence on the coherence, but if one acquisition was made under dry
conditions and the other during or shortly after heavy rain this should have a
decorrelating effect. To allow a detailed analysis of how rain affects the coherence it
would be required to have measurements of soil moisture and the dielectric constant
of the trees. Such measurements have been done in large multidisciplinary projects
like the Boreal Ecosystem-Atmosphere Study (BOREAS) in Canada (SELLERS et al.,
1997; MCDONALD, et al., 1999) and the Northern Hemisphere Climate-Processes
Land-Surface Experiment (NOPEX) in Sweden (HALLDIN ef al., 1999; KRAVKA, et
al., 1999), but are not available for the acquisitions that are analysed in this thesis.

Snow has a dielectric constant that is considerably lower than water. Snowfall will

therefore influence the observed dielectric constant less than rain. For L-band the
main backscatter contribution comes from the snow-ground interface. If small
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amounts of dry snow fall on a surface already covered by snow, this should have
little or no influence on the backscatter or coherence. However, if the ground is still
not frozen and no snow layer is present, falling snow is likely to melt, which will
give an increase in the dielectric constant. In the same way as with rain, the
conditions at the other SAR acquisition will determine what effect this will have on
the coherence.

Figure 4.4 shows that only one JERS-1 pair where one of the acquisitions had been
affected by rain was available. The coherence for this pair is low both for sparse and
dense forest. Four coherence images, from two pairs covering two test areas, were
affected by rain at both acquisitions. The coherence in all these cases is higher than
for the pair with one rainy day. For sparse forest the observed coherence is in the
range between 0.3 and 0.45, so it is likely that also in this case the rain had a
decorrelating effect. About half of all pairs were affected by snowfall. The coherence
is in general high, and the only difference that can be observed between pairs where
one or both of the acquisitions had snowfall is that the spread between the minimum
and maximum coherence values is larger for pairs where only one acquisition had
snowfall. In this group we also find the coherence from Bolshe SW from 27
November — 10 January that already in Section 4.1.1 was identified as a very low
value that does not fit with the overall trend. Considering the long wavelength it is
unlikely that even local heavy snowfall could cause the large difference in coherence
between Bolshe NW and Bolshe SW. The coherence from Chunsky South and
Chunsky North from the 4 December — 17 January pair are the only values that are
not affected by rain, snowfall, freeze or thaw. It should be noted that several of the
pairs that were affected by snow show higher coherence values. This indicates that
there are other factors that have stronger decorrelating effects than snowfall.

The results can be summarized by rating the weather conditions after their
decorrelating effect. For sparse forest thawing seems to give the most severe
decorrelation, followed by freezing, rain at one of the acquisitions, rain at both
acquisitions, and finally snowfall. For dense forest there are no significant
differences between the groups, even though freezing appears to give the strongest
decorrelation. It has to be noticed that for the group with rain at one of the
acquisitions and for pairs without precipitation, freeze or thaw, the available
measurements were too few to derive a general trend for the L-band coherence from
stands with natural boreal forest.

4.1.3 Snow cover

As was mentioned in Section 2.3.4, a blanket of snow over the tree branches can alter
the geometry of the scatterers, but at the same time reduce their possibilities to move.
How strong this effect is depends on tree type and how wet and heavy the snow is. It
should also be noted that dry snow is light and easily falls off the branches if they are
moved by wind. It can therefore not be assumed that a snow cover on the ground
automatically means there is snow on the trees. Wet snow that falls during the
freezing period in October/November, or in periods of temporary warmer
temperatures during the rest of the winter, should have a stronger decorrelating effect
than dry snow that falls during cold periods.
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The only information that was available about the snow conditions at the SAR
acquisitions was the snow depth that was recorded at the weather stations. In Figure
4.5 the snow depth at both acquisitions in the JERS-1 pairs have been plotted against
the corresponding coherence values. The pairs where one of the acquisitions was
made without snow cover and the other with snow show the lowest coherence. These
correspond to the freezing and thawing events discussed above. For sparse forest the
pairs that had a significant snow cover at both acquisitions have coherence
considerably higher than the ones where one acquisition was made without snow.
Also in this case the November/January coherence from Bolshe SW does not follow
the general trend, having a low coherence even though a thick snow layer was
present at both acquisitions. It is not likely that local differences in the snow depth
between Bolshe NW and Bolshe SW cause the big difference in coherence.

The plots in Figure 4.5 also make it possible to check if there exists a relationship
between the degree of coherence and the difference in snow depth for the
acquisitions. We find that the pairs with the smallest differences in snow depth all
have high coherence, but apart from that no clear trends can be found.
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Figure 4.5 Coherence plotted against snow depth. For each coherence pair the snow
depth at both acquisition dates are given and connected with a vertical line.

41.4 Wind

For repeat-pass coherence with short revisit times wind is assumed to be one of the
main causes for temporal decorrelation. Wind will affect the orientation of the
scatterers, and to some extent also their positions relative to each other. Assuming
that the scatterers will return to their original orientations as soon as there is no wind,
the decorrelating effect should neither increase nor decrease for SAR systems with a
longer repeat cycle. Compared to C-band, the main scattering elements at L-band are
larger and more stable. It can therefore be expected that L-band coherence is less
sensitive to wind.

Wind speed is a parameter that can change rapidly both spatially and over time. The
wind speed measurements that were available for our analysis were mean values over
10 minutes and even if we choose the measurement that was made closest in time to
our SAR acquisition there will be at least one hour difference. It is also not possible
to know if local wind gusts at the moment of the acquisition have affected the
backscattered signal. This and the distance between the test areas and the
meteorological stations make it questionable how relevant these wind measurements
are. For completeness of the analysis the measured wind speeds have been plotted
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against the coherence in Figure 4.6, but the mentioned uncertainties must be kept in
mind when trying to interpret the data. It can be noted that none of the acquisitions
experienced strong wind, but apart from this no clear trends can be found in the plots.
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Figure 4.6 Coherence plotted against wind speed. For each coherence pair the wind
speed at both acquisition dates are given and connected with a vertical line.

415 Seasonal variations

Some of the environmental parameters that have been described above vary with the
season. To get an overview over how the level of coherence changes over the year,
the coherence values and their standard deviations have been plotted against the
corresponding acquisition dates. Figure 4.7 shows the values for sparse and dense
forest in the three studied test areas in Bolshe Murtinsky and Figure 4.8 gives the
values from Chunsky. The largest seasonal differences are found for sparse forest,
where coherence values are found in the whole range between 0.15 and 0.62. The
variations for dense forest are more moderate and, with one single exception, the
values stay between 0.15 and 0.30. In Chunsky East the pair 16 January and 29
February 1996 reaches a mean coherence of 0.33 for dense forest.

Figure 4.4 shows that freezing give the lowest coherence for dense forest and
thawing the lowest for sparse forest. These events occur for pairs where one of the
acquisitions was made in October (freezing), or April (thawing). The observations
are in correspondence with occurrence of freezing and thawing in the temperature
curves in Figure 4.1 and 4.2. For all pairs with one acquisition in April the upper
curves in Figure 4.7 and Figure 4.8 temporarily cross the lower ones. This indicates
that the coherence during thawing is lower for sparse forest than for dense forest.

Five of the six test areas have been covered with JERS-1 pairs acquired in the
summer. For dense forest the coherence values are at approximately the same level
as for the winter pairs, but with larger standard deviations. For sparse forest the
summer-pair from Chunsky show low coherence values in the range between those
recorded for freezing and winter values. The standard deviations are comparable to
the ones from all other seasons. The summer-pair from Bolshe SE shows a mean
coherence and standard deviation that are slightly lower than those observed in
Chunsky. The highest coherence from sparse forest in the summer is found at Bolshe
NW, but here we also find the largest standard deviations.
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Figure 4.7 Coherence for all acquisition dates from the test areas in Bolshe
Murtinsky. The upper curves give the mean coherence values for sparse forest and
the lower curves for dense forest. The error bars represent +/- one standard deviation.
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The general trend for the winter pairs is that the coherence increases with the time
that has past since the freezing, and continues to increase until the thawing period
starts. This trend indicate that even though the average daily temperatures in this
region go below zero sometime in the beginning of November, the forest, as
observed by L-band at HH-polarization, will continue to stabilize with time.

When comparing the curves from Bolshe NW and Bolshe SW we find that in
addition to the pair from 27 November 1996- 10 January 1997 the pairs from 10
January - 23 February 1997 and 22 June —5 August 1998 also show lower coherence
for sparse forest in Bolshe SW than in Bolshe NW. For Bolshe SE an 88-day pair has
been added since no 44-day pairs from the winter were available. Even though the
temporal baseline is longer and with rapid temperature changes occurring shortly
before both acquisitions, the coherence for sparse forest is still higher than for the
pairs that were affected by thawing.

Two adjacent JERS-1 paths covered Chunsky North, so that acquisitions with only
one day separation were available. For the winter 1995/1996 it was possible to create
two coherence images from path 158 that were shifted one day relative to the
corresponding coherence images from path 157. One observation from Figure 4.8 is
that the coherence values for sparse forest from path 158 are higher than the ones that
originate from path 157 one day earlier. Since there were no significant differences
in the environmental conditions this seems to indicate a dependence on look angle,
where a smaller look angle gives a higher coherence. For dense forest this behaviour
is only found for the December/January pairs.

4.1.6 Interannual consistency

The availability of JERS-1 pairs from two different years, but acquired during the
same season, make it possible to check the interannual consistency. A high
consistency indicates that the environmental conditions were similar and that the
measurements are possible to repeat. This can also be interpreted as a low sensitivity
to small differences in the weather parameters during this season and thereby a high
stability of the coherence measurements. If the overall consistency is high the same
comparison can be used to identify changes in the forest cover. This application will
be described in Chapter 6.

Four of the six test areas have been covered by JERS-1 pairs from more than one
year. For Bolshe NW and Bolshe SW a pair from January/February 1994 could be
compared with a pair from the same months 1997, and for Chunsky North and
Chunsky East a pair from the winter 1993/1994 could be compared with a pair
acquired in January/February two years later. The results are displayed in four plots
in Figure 4.9. For three of the four test areas a correlation coefficient of over 0.95 is
obtained. Only at Chunsky North is the correlation reduced to 0.90 by a few outliers.
Some of these outliers can be identified as clear-cuts. For Bolshe SW it can be
observed that the group with medium to low growing stock volume (< 130 m3/ha)
falls slightly under the 1:1 line. This is a result of the smaller coherence for 1997. For
our test areas the Siberian inland winter climate seems to give environmental
conditions that are stable enough to allow repeated or even annual coherence
measurements with comparable results. Unfortunately no JERS-1 pairs were
available for an interannual check of other seasons, nonetheless the decorrelation
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during freezing, thawing and rain and large standard deviations for summer-
coherence make other seasons less appealing for repeated measurements, e.g. for
change detection or forest monitoring.
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Figure 4.9 JERS repeat-pass coherence from two different dates plotted against each
other. All forest stands with more than 50 pixels have been included.

4.2 Temporal baseline

4.2.1 Anthropogenic and natural forest change

In addition to changes in the environmental conditions, anthropogenic and natural
changes in the forest cover also cause decorrelation. Natural disturbances can be
damage by fire, storm, insect infestation, or forest diseases. To the anthropogenic
changes we can count both those originating from forest management and harvesting,
e.g. clear-cutting, selective logging, and thinning, but also disturbances caused by
pollution or human induced fire. In Siberia vast areas have been affected by fire the
last decade. Most of these fires are thought to be caused, directly or indirectly, by
humans, and about 80 % of all fires are ground fires. The ground fires do not give as

45



dramatic changes as the stand replacing fires, but if they are severe enough they will
result in the eventual death of many trees. Dead trees will have lower water content,
leading to a reduction of the dielectric constant, but they will also experience a
reduction of the number of needles/leaves, twigs, and eventually branches. Fire will
also consume the ground vegetation and give a drier top soil layer, affecting the
scattering.

For SAR systems with a short temporal baseline it is unlikely that disturbances like
these will occur between the acquisitions, but for JERS-1 with a 44-day repeat-cycle
the probability for this type of decorrelation should not be neglected. However, it
must be kept in mind that the anthropogenic and natural disturbances are local events
and will not decorrelate the whole image. In the image pairs that have been analysed
in this thesis it has not been possible to identify any decorrelation originating from
anthropogenic or natural change in the forest cover.

4.2.2 Multiple repeat-cycles

Based on the previous analysis of the temporal decorrelation due to environmental
conditions, an increase of the time between the acquisitions can be expected to
reduce the possibility to find JERS-1 pairs with high coherence. Longer temporal
baseline is never the direct cause for decorrelation, but it allows more changes of the
observed objects to occur. To avoid the strong decorrelating effects of freezing or
thawing there are two alternatives. The temporal baseline should be 1) short enough
to be within one season, or 2) long enough that the temperatures have returned to the
same range (frozen or unfrozen) as during the first acquisition. With a repeat-cycle as
long as 44 days, a temporal baseline longer than two or three repeat-cycles will result
in a change of season between the acquisitions. In Section 4.1 it was shown that the
highest level of coherence normally is reached during frozen conditions. With the
available JERS-1 scenes it was possible to form several 88-day pairs from the winter
season. In addition the availability of a few scenes from the winter 1993/94 allowed
the formation of pairs with temporal baselines of two and three years. For path 163
an 88-day pair from the summer 1997 was available, but the shift in orbit that
occurred sometime between May and July that year gave a spatial baseline that
exceeded the critical value. The following analysis of multiple repeat-cycles will
therefore be focused exclusively on coherence from the winter season. The temporal
and spatial baselines for the selected pairs are given in Table 4.1.

The coherence values for the selected pairs have been plotted in Figure 4.10. For the
three test areas in Bolshe Murtinsky both the 3-year and the 88-day pairs show low
coherence and minimal difference between sparse and dense forest. These values are
comparable with the ones that were obtained for the 44-day pair from Bolshe SW
from November/January, but now the low coherence is found for the whole image
and not only locally. The coherence values from the three test areas in Chunsky show
a different trend and prove that under favourable conditions it is possible to get a
fairly high contrast between sparse and dense forest with 88-day pairs. The pairs with
two years temporal baseline have lower coherence for sparse forest, but it is still high
enough that it should be possible to separate sparse and dense forest. Spatial
baselines or temperatures at the acquisitions cannot explain the differences between
Bolshe Murtinsky and Chunsky. A hypothesis is that the high temperatures shortly
before the Bolshe Murtinsky acquisitions gave changes large enough to cause
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decorrelation when the temporal baseline is longer than 44 days, but this cannot be
proved.

Table 4.1 Selected JERS-1 pairs with temporal baselines of 88 days or more.

First date Second date | GRS Path T‘E[rrr]elga)(;;?!ct;/iizlsi]ne pgf;;:ijligl?f::’i?ﬁ]] Test areas
1994-01-06 | 1997-01-10 165 25 (3 years) 606 Bolshe NW & SW
1994-02-19 | 1997-02-23 165 25 (3 years) 3028 Bolshe NW & SW
1996-11-25 | 1997-02-21 163 2 (88 days) 1012 Bolshe SE
1996-11-27 | 1997-02-23 165 2 (88 days) 1038 Bolshe NW & SW
1993-12-29 | 1996-01-16 157 17 (2 years) 2646 Ch””SkEyas'\t'o”h &
1994-02-11 | 1996-02-29 157 17 (2 years) 2880 Ch”“s‘éyas'\t'orth &
1995-12-03 | 1996-02-29 157 2 (88 days) 314 Ch””SEyaSOrth &
1995-12-04 | 1996-03-01 158 2 (88 days) 400 Chunsgg’u';‘kf’”h &

In Figure 4.11 the winter coherence from all test areas and all temporal baselines
have been collected in one plot. The values with temporal baselines of 17 and 25
repeat-cycles are from two different test territories. This in combination with the fact
that they originate from only four pairs make it impossible to draw any conclusions
from a comparison between coherence with temporal baselines of two and three
years. However, treated as one group the coherence values give an indication about
differences between multi-year baselines and baselines of one or two repeat-cycles.
The trend for sparse forest suggests that shorter temporal baselines result in higher
coherence. For dense forest the trend is less pronounced, but still visible. Under
unfavourable observation conditions there should be no difference if the temporal
baseline is 44 days or several years.

4.3 Volume decorrelation

When the perpendicular baselines in Table 3.3 are compared with the critical
baselines that were calculated in Section 2.3.3, only the pair from Bolshe Murtinsky
that was acquired on 20 May and 3 July 1997 has a baseline that exceeds the critical
value. No coherence was processed for this pair. All other pairs have baselines well
below the critical value.

In Figure 4.12 the perpendicular baselines have been plotted against the
corresponding coherence values. The majority of the baseline values are well
distributed over the range between 3 m and 1212 m, and then there is a gap to a
smaller group of baselines ranging from 1752 m to 2091 m. As mentioned in Section
4.1.1, for the February-April pair covering Bolshe NW and Bolshe SW the normal
coregistration procedure failed so that no coherence estimation could be performed.
This has been indicated with a zero coherence value in the figures. For sparse forest,
baselines between 0 m and 600 m show coherence values in the whole range between
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0.15 and 0.63. For baselines between 600 m and 1200 m no coherence values above
0.38 have been recorded, and in the interval 1700 m to 2100 m the coherence values
are spread out between 0.15 and 0.5. However, in general the plots in Figure 4.12 do
not reveal any clear correlation between the coherence and the perpendicular baseline
for sparse forest. For dense forest there seems to be a weak trend that pairs with short
baselines get slightly higher coherence. This could indicate that a shorter baseline
gives less volume decorrelation, but we also find a couple of cases where relatively
high coherence is found for baselines around 2 km.
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Figure 4.10 Coherence for coherence pairs with temporal baselines longer than 44-
days. The upper curves give the mean coherence values for sparse forest and the
lower curves for dense forest. The error bars represent +/- one standard deviation.
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Figure 4.11 The JERS-1 coherence plotted against the temporal baseline.
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Figure 4.12 The JERS-1 coherence plotted against the spatial baseline.

4.4 Comparison with C-band

A majority of all studies of forest with spaceborne InSAR have been conducted with
C-band data. It is therefore motivated to compare the characteristics of L-band
coherence with C-band coherence. The data that have been used for this comparison
are two ERS-1/2 tandem pairs from Bolshe Murtinsky (track 348) and three tandem
pairs from Chunsky (track 491). An analysis of L-band and C-band coherence with
comparable temporal baselines was not possible since no repeat-pass pairs from
ERS-1/2 or Envisat Advanced SAR (ASAR) were available from the winter season.

The one-day temporal baseline of the ERS-1/2 tandem coherence reduces the risk for
temporal decorrelation due to freezing, thawing, differences in snow cover, or
anthropogenic or natural changes in the forest cover. The main causes for temporal
decorrelation are wind and rain. Compared to L-band, the shorter wavelength makes
the C-band coherence sensitive to motion of small scattering elements like twigs and
small branches. This increases the importance of the wind as a decorrelating factor.

An overview of the coherence levels for sparse and dense forest from the five studied
tandem pairs is given in Figure 4.13. The observed coherence is higher for sparse
forest than for dense forest. The comparatively high coherence for the winter pair
from Chunsky is in agreement with previous observations done under frozen
conditions (KOSKINEN, et al., 2001). For the three test areas in Chunsky the pair from
October 1997 shows large differences in coherence level for sparse forest. This
inhomogeneous pattern can be observed as a large region of reduced coherence
around the centre of the coherence image. The weather station in Boguchany
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recorded rainfall between the two acquisitions. It is likely that local rainfall caused
the differences in coherence, but with only one weather station this cannot be proved.

An important observation is that the L-band coherence (Figure 4.7 and Figure 4.8)
under frozen conditions reaches levels comparable with the C-band coherence from
dry unfrozen conditions. In Figure 4.14 the ERS-1/2 coherence has been plotted
against the JERS-1 coherence for a few selected pairs. All ground truth polygons
containing more than 50 pixels have been included. For Bolshe NW and Bolshe SW,
JERS-1 coherence from January/February 1997 is compared with ERS-1/2 coherence
from September the same year. For Bolshe NW the polygons follow a straight line
where increasing coherence shows the expected decrease in growing stock volume.
The correlation coefficient is 0.97. The slope of the line shows a slightly larger
dynamic range for the ERS-1/2 coherence; this is likely due to the much shorter
interval between the acquisitions. For Bolshe SW the polygons representing growing
stock volumes below 10 m*ha show lower coherence both for ERS-1/2 and JERS-1.
This reduction is more pronounced for JERS-1, thereby giving a lower correlation
coefficient. For Bolshe SE no 44-day JERS-1 pair from the winter was available.
Instead a summer pair acquired only one to two months before the ERS-1/2 pair was
selected. Due to the low coherence for the JERS-1 pair, the correlation coefficient is
only 0.60.

For Chunsky almost simultaneous ERS-1/2 and JERS-1 pairs from the winter 1996
were available. Results from these pairs have been plotted for Chunsky North and
Chunsky South and show correlation coefficients of 0.93 and 0.82. The polygons are
spread along a line that shows an offset away from the 1:1 line towards higher ERS-
1/2 coherence. The offset is a result of the short temporal baseline of the ERS-1/2
coherence in combination with the stable winter conditions. This gives a higher
coherence level for all growing stock volumes. The slope of the line shows that the
dynamic range is the same for both the JERS-1 and ERS-1/2 coherence. The
polygons that deviate most from the 1:1 line for Chunsky North represent three bogs
that are situated along a stream. High coherence for the short temporal baseline and
low coherence for the long temporal baseline indicate that these areas are affected by
strong temporal decorrelation on a time scale longer than one day. One possible
explanation to this decorrelation would be if the bogs were covered by a layer of ice
that broke up between the JERS-1 acquisitions. Using the same two pairs, results
similar to those displayed for Chunsky North and Chunsky South were observed for
Chunsky East. In contrast to these simultaneous acquisitions, Chunsky East is in
Figure 4.14 represented by a JERS-1 pair and an ERS-1/2 pair that were separated by
almost four years. The ERS-1/2 pair is from October 1997 and do not show the same
offset that the January pair has. The polygons are well distributed along a line that
covers the coherence range from 0.2 to 0.7 without big deviation from the 1:1 slope.
This illustrates the case when both the JERS-1 and the ERS-1/2 coherence have large
dynamic ranges. The correlation coefficient is 0.89.

These results suggests that for forestry applications where C-band coherence has
been reported to give good results it should in many cases also be possible to use L-
band repeat-pass coherence from frozen winter conditions. Some examples of such
applications will be shown in Chapter 5 and Chapter 6.

50



0.9

Bolshe NW

0.8
0.7 1
0.6 1
0.5

0.4 1
0.3

ERS coherence

0.2 1
0.1 1

T
F—3

970925 970926 980528 980529
Acquisition dates

Bolshe SE

0.9
0.8 -
0.7 1

0.6
0.5 1
0.4 -
0.3 1
0.2 1
0.1 1

ERS coherence

— 3

970925 970926 980528 980529
Acquisition dates

Chunsky North

0.8

ol

0.7 1
0.6 1

H
—

0.5
0.4 -
0.3 1
0.2 1
0.1 -

ERS coherence

Figure 4.13 Coherence for ERS-1/2 tandem coherence. The upper curves give the
mean coherence values for sparse forest and the lower curves for dense forest. The

980607
980608

960114
960115

971005
971006
Acquisition dates

ERS coherence

ERS coherence

ERS coherence

0.9

Bolshe SW

0.8

0.7 1
0.6 -
0.5 -
0.4

0.3 1
0.2 1
0.1 1

F——1
—

970925 970926 980528 980529
Acquisition dates

Chunsky South

0.8
0.7 1
0.6 1
0.5 1
0.4 -

0.3
0.2

0.1 1

0.9

980607
980608

960114
960115

971005
971006
Acquisition dates

Chunsky East

0.8 1
0.7

=

0.6 1
0.5 1
0.4 -
0.3 1
0.2 1
0.1 1

error bars represent +/- one standard deviation.

980607
980608

960114
960115

971005

971006
Acquisition dates

51



Bolshemurtinsky NorthWest

1.0 L B S T LA A B B
[ © Growing stock volume >130 m*ha 7
[ O Growing stock volume >10 and <=130 m’/ha 7]
[ O Growing stock volume <=10 m/ha 7
0.8 =
[\
Q L 1
N
o
e L 1
o
e L 1
g
o 06 -
—
3 L 1
o
~
5 L 1
[
3 L 1
5
o 04 =
<
S L 1
o
%) r o 1
s
50 ) P o 1
0.2— =
L Correlation coefficient: 0.966514 1
ooL v v e
0.0 0.2 0. 0.6 0.8 1.0
b) ERS coherence 970925 and 970926
Bolshemurtinsky SouthWest
1.0 L o e B e s By B B L
[ © Growing stock volume >130 m'ha 7
[ O Growing stock volume >10 and <=130 m*/ha ]
r (O Growing stock volume <=10 m’/ha 1
0.8+ -
™
Q L 1
N
o
Qo L 1
o
st L 1
g
S 0.6 -
—
3 L 1
o
~
5 L 1
£ ol 9 ’
L 04t B
GJ
Boo & . ,
%] r OO 9 o i
4 @ S
w L o e (% 0o © 1
021 & 4
L Correlation coefficient: 0.787697 1
0oLV v v e
0.0 0.2 . .6 0.8 1.0
C) ERS coherence 970925 and 970926
Bolshemurtinsky SouthEast
1.0 — T T T T T
[ o Growing stock volume >130 m’/ha ]
[ O Growing stock volume >10 and <=130 m*/ha ]
I O Growing stock volume <=10 m/ha 1
0.8 =
©o
= L 1
@
o
IS L 1
(=]
= L 1
&
o 06F B
o
S L 1
o
~
5 L 1
@
3 L 1
15
o 041 —
5 L 1
o | o) 0 |
e | L ]
~ Oo
0.2 S % & %@ 7
L Correlation coefficient: 0.601571 i
ool o o0y
0.0 0.2 0.8 1.0

ERS coherence 970925 and 970926

d)

JERS Coherence 960117 and 960301 JERS Coherence 960117 and 960301

JERS Coherence 931229 and 940211

Chunsky North
1.0 T T T T T T T T T T T T T T T T T
[ © Growing stock volume >130 mha 7
[ O Growing stock volume >10 and <=130 m’/ha 7]
[ O Growing stock volume <=10 m*/ha 7
0.8 =
0.6 4
0.4F B
0.2 =
L Correlation coefficient: 0.934139 1
00 v e
0.0 0.2 0.4 0.6 0.8 1.0
ERS coherence 960114 and 960115
Chunsky South
1.0 T T T T T T T T T T T T T T T T T
[ © Growing stock volume >130 m’/ha 7
[ O Growing stock volume >10 and <=130 m‘/ha ]
r (O Growing stock volume <=10 m*/ha 1
0.8 -
0.6 =
0.4+ =
0.2+ =
L Correlation coefficient: 0.828417 1
00w v e e
0.0 0.2 0.4 . 0.8 1.0
ERS coherence 960114 and 960115
Chunsky East
10 T T T T T T T T T T T T T T T T T
[ o Growing stock volume >130 mha ]
[ O Growing stock volume >10 and <=130 m°/ha ]
I O Growing stock volume <=10 m*/ha 1
0.8+ =
0.6 B
L o) |
L o o 1
0.4F °s o B
, 02500 ,
9
1 oo SLE, ]
L o © Og% ch OO 1
oo Lo
021 o X o © B
- S 4
L Correlation coefficient: 0.894183 1
ool o0
0.0 0.2 0.8 1.0

0. .6
ERS coherence 971005 and 971006
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4.5 Conclusions

In this chapter a number of possible causes for temporal decorrelation were
examined and the effect of the spatial baseline was investigated. A comparison
between C-band coherence from ERS-1/2 and L-band coherence from JERS-1 was
also conducted.

The analysis of environmental conditions showed that freezing and thawing cause
strong decorrelation. This reduction in coherence is likely a combined effect of
changing dielectric constant and the occurrence or disappearance of a snow layer.
Considering the limited effect a snow layer has on L-band signals, the change in
dielectric constant can be assumed to be the main decorrelating factor. Rain was also
found to give decorrelation, but for the available image pairs the decorrelating effect
was not as strong as for freezing or thawing. The highest coherence was reached for
sparse forest when both acquisitions were done under frozen winter conditions.
These conditions also gave the largest contrast in coherence between sparse and
dense forest. Snowfall did not seem to affect the winter coherence. Due to
insufficient measurements, no conclusions could be made about the effect of wind.

To investigate how the coherence depends on time between acquisitions a number of
image pairs with temporal baselines longer than 44 days were selected. Following the
evaluation of environmental effects, only winter pairs were considered. The available
data allowed pairs with temporal baselines of 88 days, two years and three years to
be formed. The analysis showed that under favourable conditions 88-day coherence
from sparse forest can reach above 0.5, which is in the upper range for 44-day
coherence. The coherence for temporal baselines over one year was significantly
lower, but at some test areas still showed possibilities to separate sparse and dense
forest.

Based on the available data, no clear correlation could be identified between spatial
perpendicular baseline and coherence. However, dense forest displays a weak
tendency towards higher coherence for baselines shorter than 500 m. Baselines up to
2 km were found to give high coherence for sparse forest.

The comparison with tandem coherence from ERS-1/2 revealed that, even though the
repeat-cycle for JERS-1 is considerably longer, the winter coherence reaches levels
comparable with those from unfrozen ERS-1/2 acquisitions. For ERS-1/2 coherence
from the winter an overall higher coherence was observed.
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Chapter 5

Forest parameter retrieval

One of the most important forest parameters is the biomass. Information about forest
biomass is crucial for studies of the global carbon cycle and of regional changes in
the vegetation, as well as for local forest inventories. One way to quantify the above
ground biomass is to estimate the growing stock volume, which is defined as the
stem volume per unit area. This chapter presents the results from an evaluation of the
possibilities to use JERS-1 repeat-pass coherence for growing stock volume retrieval.
A comparison with tandem coherence from ERS-1/2 is included.

5.1 Growing stock volume retrieval

The retrieval process can be divided in four parts: model selection, model training,
retrieval and finally error analysis. Based on the results from the analysis of temporal
decorrelation in the previous chapter, only 44-day coherence from the winter season
will be considered. The test area Bolshe SE has been excluded because no suitable
data were available.

To avoid problems with forest types where the growing stock volume is unevenly
distributed within a stand or not well defined (e.g. unclosed natural forest and bogs),
or where rapid changes would make results from different years difficult to compare
(e.g. clear-cuts and burned forest) only natural stands have been included in the
analysis. For four of the five studied test areas about 90 % of all stands were marked
as natural stands in the ground truth database (see Table 3.1 and Table 3.2). In
Chunsky North 81% of all stands were natural stands. Only stands containing at least
5 ha (20 pixels) after the edge erosion of the stands in the digital forest mask have
been considered. In Bolshe NW this reduced the fraction of natural stands by a few
percent. For the other four test areas edge erosion and removal of small stands did
not change the fraction of natural stands. The distributions of growing stock volumes
for the different test areas are shown in Figure 5.1. With the exception of Bolshe SW,
the distribution of growing stock volume does not change significantly when only
eroded natural stands are included. This indicates that the analysis should be
representative for the whole test areas. The deviation for Bolshe SW is explained by
the fact that the western part of the test area was not covered by satellite data so that
these stands had to be removed (see Figure 3.1).
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Figure 5.1 Growing stock volume distributions for all test areas. The two upper
diagrams show the distribution for all available stands and the two lower ones for
natural stands with a size of at least 20 pixels after edge erosion.

51.1 Model selection

It is known that there is a correlation between the level of coherence and the growing
stock volume. In general the coherence decreases with increasing stock volume. The
linear Pearson correlation coefficients between growing stock volume and JERS-1

coherence in Table 5.1 and Table 5.2 confirm that this trend is valid also for the data
in this study.

For the retrieval it is necessary to have a model that as correctly as possible describes
the relation between the coherence and the growing stock volume. At C-band this
relation has in some cases been described as linear (SMITH, ef al., 1998; MANNINEN
et al., 2000; FRANSSON, ef al., 2001) and in other cases as exponential (ASKNE et al.,
1997a; KOSKINEN, et al., 2001; SANTORO, et al., 2002b; WAGNER, et al., 2003). For
spaceborne L-band coherence all available studies have indicated an exponential
relation (LUCKMAN, et al., 2000; ASKNE, et al., 2003b; ERIKSSON, et al., 2003).
Scatterplots with coherence against growing stock volume confirmed that an
exponential model would be more suitable than a linear model. Two examples of
these scatterplots are given in Figure 5.2. An empirical model of the following form
can be used to describe the relationship:

y(V)=Axe” +C (5.1)

y 1s the coherence, V' the growing stock volume, and 4, B and C are model
parameters. The parameter 4 represents the span between the minimum and
maximum coherence values of the curve, often called the dynamic range. B
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corresponds to the slope of the exponential curve and indicates how fast the
coherence values decrease toward the minimum value. This minimum value will
hereafter be referred to as the offset and is given by the model parameter C. For
estimation of growing stock volume, curves with a large dynamic range (large value
of 4), and a slow decrease in coherence with increasing growing stock volume (small
negative value of B) are desired. The coherence offset is less critical, as long as it
does not get so high that it reduces the dynamic range. When these conditions are
fulfilled, there is a higher probability that a certain coherence value can be connected
with the correct growing stock volume through inversion of the model.

Table 5.1 Linear Pearson correlation coefficients for growing stock volume and
JERS-1 coherence

Accét;itsei:ion Bolshe-Murtinsky Northwest | Bolshe-Murtinsky Southwest
o
o1ty 0.70 073
igg%i% -0.63 -0.70
o oa 0.86 -0.84
iggg:gg:gg -0.65 -0.57

Table 5.2 Linear Pearson correlation coefficients for growing stock volume and
JERS-1 coherence

AC%L;ithgon Chunsky North Chunsky South Chunsky East
1996.01.15
1996.01.47

1996.02.29
1996-03.01

1997-05.15

1995.07.28
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Figure 5.2 Relationship between JERS repeat-pass coherence and growing stock
volume for one pair from Bolshe Murtinsky and one pair from Chunsky.

In some models, attempts have been made to connect the parameters 4, B and C with
the components of the coherence and the backscatter that originate from the ground
respectively from the forest canopy and with physical properties like the canopy
transmissivity (KOSKINEN, et al., 2001). One of these models, the interferometric
water cloud model IWCM), goes one step further and incorporates terms that make
it possible to account for volumetric decorrelation and InSAR geometry effects
(ASKNE, et al., 1997b; DAMMERT, 1999; SANTORO, et al., 2002b; ASKNE, et al.,
2003b). The IWCM has been successfully applied to C-band data, but some of the
simplifications that were made for the retrieval might not apply for L-band data
(SANTORO, 2003). For the investigation of the possibility to retrieve growing stock
volume from repeat-pass L-band coherence a simple regression model of the form in
Equation (5.1) was found to serve the purpose.

5.1.2 Model training

Before the model can be used for retrieval of growing stock volume the three
unknown model parameters 4, B and C need to be determined. This is done by
regression between the coherence and the growing stock volume from a training set.
The following procedure was used to select the training set:

1. All forest stands in the ground truth database have a unique number. These
numbers are Russia-wide identifiers that combine information about forest
district, kvartal and stand, and are thereby related to the geographical location
of each stand. For each test area all stands were sorted after their unique
number and were given a position number P.

2. The stands were divided in four groups with the following selection scheme:
Group 1: P = 1+n*4
Group 2: P = 2+n*4
Group 3: P =3+n*4
Group 4: P = 4+n*4

P
0<n<—/—%—1]
4

where P, is the largest position number that is exactly divisible by four and
n is an integer.
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3. The stem volume distribution for each group was analysed and the group with
the most evenly distributed growing stock volume was selected as training
set. The three remaining groups were combined into a test set.

This procedure was repeated for each test area. The number of stands in the training
sets varied between 38 and 85 depending on the total number of stands in the test
area. An example of the regression curves is shown in Figure 5.3. Corresponding
plots for all other 44-day coherence images can be found in Figure Bl to BS in
Appendix B. The stands from the test set have been included in the figures and have
been plotted with the growing stock volumes from the ground truth database. If the
training set is representative for the whole test area the curve should not deviate from
the general trend of the stands in the test set. A visual inspection did not reveal any
significant discrepancies, which is an indication that the curve fitting and the
selection of the training sets were successful. The model parameters from the curve
fitting are listed in Table 5.3 and Table 5.4. The values of the dynamic range (4) and
the offset (C) of the regression curves are in most cases in good agreement with the
coherence values for sparse and dense forest that can be found in Figure 4.7 and
Figure 4.8. It also indicates that there is a close relationship between the offset level
and the coherence of dense forest and between the dynamic range and the difference
in coherence between sparse and dense forest. The parameter B indicates how fast
the coherence decrease when the growing stock volume increases. This is something
that cannot be seen in any of the figures in Chapter 4. Using the criteria for
successful retrieval (large 4 and small negative B) that were proposed in the previous
section, especially the coherence from 1993/94 from Bolshe SW, Chunsky North and
Chunsky East look promising.

Chunsky East

1.0 L L L L
Date 1: 931229 ¢ Training data set

Date 2: 940211 + Test data set

T T T

JERS Coherence

0 100 200 300 400 500
Growing Stock Volume [m’/ha]

Figure 5.3 Example of regression curve for Chunsky East. The regression
parameters are given in the expression at the bottom of the plot. The dashed lines
correspond to the upper and lower limits of the regression curve. The dotted lines
represent the two standard deviation distances from the curve and the dashed dotted
lines are the limits for removal of outliers.
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Table 5.3 Values of the regression parameters from the curve fitting of the JERS-1

coherence from the test areas in Bolshe Murtinsky.

Table 5.4 Values of the regression parameters from the curve fitting of the JERS-1

Ac%wsnmn Bolshe-Murtinsky Northwest
ates
A B C

1994-01-06
1994-02-19 0.325 -0.0245 0.242
1996-11-27
1997-01-10 0.194 -0.0202 0.222
1997-01-10
1997-02-23 0.240 -0.0198 0.284

Bolshe-Murtinsky Southwest
1994-01-06
1994-02-19 0.363 -0.0088 0.182
1996-11-27
1997-01-10 0.056 -0.0342 0.180
1997-01-10
1997-02-23 0.213 -0.0075 0.212

coherence from the test areas in Chunsky.
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AC%LgtS;;ion Chunsky North
A B C
ooopar | 0410 00083 0167
igggéigg 0.262 -0.0060 0.178
oo6ora7 | 0314 00063 0219
igggg;;g 0.326 -0.0096 0.242
oo6oa0r | 0403 oot 0202
Chunsky South
18325% 0.250 -0.0108 0.234
1832:82:(1)1 0.397 -0.0134 0.258
Chunsky East
ggjégﬁ 0.435 -0.0074 0.197
oo60ras | O3 00107 0253
0060220 | 034 00115 0321




51.3 Retrieval method

Once the model parameters have been determined, growing stock volume can be
retrieved by inversion of the model. The estimated growing stock volume can be
expressed as:

I?(V)=%ln(7;lcj (5.2)

Using Equation (5.2) it is only possible to retrieve growing stock volumes for
coherence values that are in the range between the maximum and minimum values of
the regression curve. The minimum coherence value corresponds to the offset and is
defined by the parameter C. The maximum value is given by the offset plus the
dynamic range, i.e. C+A4. The dashed lines in Figure 5.3 indicate these values. Values
outside this range must be removed from the test set or be given new coherence
values that are within the allowed limits. The following strategy was adopted:

1. Coherence values that could be identified as outliers were removed (see
definition of outliers below).

2. Stands with coherence values above the maximum value were set to the
growing stock volume 0 m*/ha.

3. Stands with coherence values below the minimum value were given the same
growing stock volume as the training stand with the highest growing stock
volume.

For each stand in the training set the deviations of the coherence values from the
curve were measured. The standard deviation of these distances indicates how large
the spread within the training set is. Theoretically, if outliers are defined as stands
where the distance between the coherence value and the curve exceeds two standard
deviations, they should be removed from the test set. In Figure 5.3 this corresponds
to all points outside the region limited by the two dotted lines. In practice, before the
retrieval process only the measured coherence value is known. It is therefore
necessary to use criteria that only rely on the coherence and not on the growing stock
volume. A simple method is to remove all coherence values that are larger than the
maximum value of the curve plus two standard deviations, or smaller than the offset
value minus two standard deviations (SANTORO, ef al., 2002b). The dash dot lines in
Figure 5.3 indicate this region. It is inevitable that only the most extreme outliers can
be identified. This method has been used for the retrieval that is presented in this
thesis.

514 Retrieval results

To test the selected retrieval method and the accuracy of the estimated growing stock
volume, a test set with known growing stock volumes is required. As mentioned in
section 5.1.2, 25% of the available stands in the ground truth database were utilized
for the model training and the remaining 75 % to test the model. To describe the
results of the retrieval procedure the root mean square error, RMSE, and the
coefficient of determination, R?, have been used. One way to account for inaccuracy
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in the ground truth data in the RMSE computation has been proposed by (FRANSSON,
etal.,2001):

Niesy 1 Nigsy

RMSE = \/Lz(lﬁ. v f 05— (sE, ) (5.3)

test =1 test i=1

Nies: Tepresents the number of samples in the test set, V, is the estimated growing

stock volume for stand i and V¥ the growing stock volume for the corresponding
stand in the ground truth database. The sampling error in m*/ha for stand i is given by
SE; and the factor 0.5 is a correction due to systematic sampling design, in
accordance with empirical investigations by (LINDGREN, 1984). This expression
requires that the sampling error can be calculated for each stand. Since this is not the
case for the test areas in this study a modified version of Equation (5.3) had to be
used. According to the inventory standards as described in the Russian Forest
Inventory handbook the required inventory accuracy for growing stock volume is 15
% for stands that are ready to be harvested and 20 % for all other stands
(SCHMULLIUS, et al., 2001; STOLBOVOI & MCCALLUM, 2002). Based on this, SE was
replaced by a fixed value that was calculated as 20 % of the mean growing stock
volume of the test set.

The values of R? and the RMSE for all analysed coherence images are listed in Table
5.5 and Table 5.6 for Bolshe Murtinsky and Chunsky respectively. Figure 5.4
displays two examples of the retrieved growing stock volume plotted against the
ground truth growing stock volume. Both are from the same test areas, but show very
different results. For the coherence from 1994 the RMSE of the retrieved growing
stock volume is 60 m*/ha and R? is 0.75. The values are along the 1:1 line. This can
be considered being a relatively successful retrieval. On the other hand, the RMSE
for the coherence for the period November 1996 to January 1997 is as high as 174
m?/ha and the values of the retrieved growing stock volumes are grouped at the high
and low end of the available range. This is a result of the small dynamic range (see
Table 5.3 or Figure B.2) and the fact that the regression curve saturates already
below 100 m’/ha. Even the slightest deviation from the curve will result in a
completely wrong estimation. For this reason it is practically impossible to assign
correct growing stock volumes to the coherence values. Stands with ground truth
growing stock volumes in the whole range from 5 to 470 m?*/ha end up below the
regression curve and are therefore given the maximum growing stock volume. The
surprisingly high value of R? is due to the high proportion of stands with low
growing stock volumes. As can be seen in Figure 5.1, about 50 % of all stands in
Bolshe SW have growing stock volumes below 80 m?*/ha. The small dynamic range
for this specific coherence image is not typical for the available winter images, but
the retrieval results show what can be expected when strong temporal decorrelation
occur. This strengthens the assumption that acquisitions during the transition period
from fall to winter or from winter to spring should be avoided. In Appendix B,
Figure B.6 to Figure B.9, the retrieved growing stock volumes have been plotted
against the ground truth growing stock volumes for all available 44-day pairs from
the winter.

To allow a comparison between test areas with different distributions of growing

stock volume a third statistical measure, the relative RMSE, was included in the
analysis. The relative RMSE was calculated as the RMSE divided by the mean of the
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growing stock volume in the test set. The value was multiplied by 100 to get it in
percent. The relative RMSE for all coherence images are given in Table 5.7 and 5.8
for Bolshe Murtinsky and Chunsky respectively. Apart from the pair November 1996
to January 1997 from Bolshe SW, all relative RMSE are within the range 40 to 80 %.
Comparing the values in these two tables with the RMSE in the two previous tables it
can be observed that Bolshe NW and Chunsky South, which both have RMSE that
are above 99 m?/ha, have relative RMSE that are in the mid to low range (47 — 62 %)
compared to the other test areas. The opposite pattern is found for Chunsky East.

Table 5.5 RMSE and R? for the retrieval of growing stock volume from the JERS-1

coherence.
ACCéL;itseigion Bolshe-Murtinsky Northwest | Bolshe-Murtinsky Southwest
RMSE [m¥/ha] R? RMSE [m¥/ha] R?
10000010 | 1319 026 602 075
1997-01.10 133.2 0.28 1747 0.56
10070023 | 129 039 209 061

Table 5.6 RMSE and R? for the retrieval of growing stock volume from the JERS-1

coherence.

AC%l;ith;ion Chunsky North Chunsky South Chunsky East
onal | ®° | el | R | b |

o2 | 935 | 057 629 | 072

Toao s ® | 1133 | 046 798 | 066

1§§§$§2§ 94.7 052 | 1306 | 006

oo i | 185 | 062 811 | 067

eoostl | 823 | os3 | 99 | o2

Table 5.7 Relative RMSE for the retrieval of growing stock volume from the JERS-1

coherence.
Ac%l;its;:ion Bolshe-Murtinsky Northwest | Bolshe-Murtinsky Southwest
RMSE [%] RMSE [%]
iggig;gg 55.7 43.1
1996 1127 2 1250
o

63



Table 5.8 Relative RMSE for the retrieval of growing stock volume from the JERS-1
coherence.

Ac%iltsgzlon Chunsky North Chunsky South Chunsky East
RMSE[%] RMSE [%0] RMSE [%]
1993-12-29
1994-02-11 61.7 52.5
1995-12-03
1996-01-16 75.1 68.0
1995-12-04
1996-01-17 62.8 62.0
1996-01-16
1996-02-29 51.8 69.1
1996-01-17
1996-03-01 54.5 47.7
Bolshemurtlnsky SouthWest Bolshemurtlnsky SouthWest
5OQ [T T T T T T T T e 7 500 [T T T T T T T T T T 7
F RMSE =60.2[mha] 1 ' RMSE = 174.7 [m’ha]
< [ R=075 1 = [ R=056 1
= 4001 3 £ a00F E
E F + s E I B
GE; ; + o + % L j: ]
gsoof— v+ AT E _§300f— + $7
g L E =
E Ll
=S 200; . ++++ + 1 2 200; + 3
élooi— . ++ e : §100§:+ %7
° Etﬁ / * Date 1: 940106 | . Date 1: 961127 |
N A Date 2: 940219 | 0’ i Date 2: 970119 |
o w0200 a0 a0 s00 o 00200 a0 a0 w00
Retrieved growing stock volume [m*ha] Retrieved growing stock volume [m*/ha]

Figure 5.4 Comparison between the retrieved growing stock volumes and the
growing stock volumes from the forest inventory. RMSE and R? are given in the
upper left corner of each plot. The plot to the left shows successful retrieval while the
right plot is the result of retrieval from an image with an overall low coherence level.

5.2 Comparison with C-band

C-band coherence from the ERS-1/2 tandem mission has delivered good results for
retrieval of growing stock volume for boreal forest at a test site in Sweden. Under
frozen conditions a best RMSE as low as 21 m?*ha has been reported for retrieval
from a single coherence image using the IWCM (SANTORO, et al., 2002b). The
corresponding relative RMSE was 15 % and the value of R? 0.92. Using linear
regression for the same Swedish test site, Kéttbole, other authors found a best RMSE
of 26 m3/ha (FRANSSON, et al., 2001) and 31 m*ha (SMITH, et al., 1998). These
values all indicate retrieval accuracy higher than the one achieved with L-band
coherence for the Siberian test sites. However, C-band studies from other test areas
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have reported less accurate retrieval results. The best RMSE here range from 54
m?/ha (MANNINEN, et al., 2000) over 91 m*/ha (HYYPPA, et al., 2000) and 99 m?*/ ha
(KOSKINEN, et al., 2001) to 130 m*/ha (SMITH, et al., 1998). This stresses how
important it is to do the comparison between C-band and L-band coherence at the
same test area using the same ground data, retrieval model, training set and test set.
The only published study where retrieval of growing stock volume was done with
spaceborne L-band coherence was conducted with a JERS-1 pair from Kittbole
(ASKNE, et al., 2003b). A best RMSE of 54 m*ha was reported. This result can be
compared with the C-band results reported by (SANTORO, et al., 2002b), but it should
be noted that the L-band acquisitions were done in April and May and not during
optimal frozen conditions. The relative vicinity to the North Sea and the Gulf Stream
make the winter climate in southern Sweden mild in comparison with Siberia. The
chances of getting repeat-pass coherence from a 44-day period with temperatures
below zero are therefore limited.

Using the same methods as described for the JERS-1 repeat-pass coherence, retrieval
was performed for all available ERS-1/2 tandem pairs from track 348 and 491. No
retrieval results from track 305 will be presented, since no comparison with L-band
was possible. The JERS-1 coherence covering the corresponding test areas, Bolshe
NE and Bolshe SE, was not suitable for retrieval. For Chunsky ERS-1/2 tandem data
from the winter were available, allowing a comparison with JERS-1 data from the
same season. For JERS-1 the stable observation conditions during the Siberian
winter reduce the temporal decorrelation for sparse forest. This is a requirement in
order to get a dynamic range that is large enough to allow retrieval. For ERS-1/2
tandem the frozen conditions also reduce the decorrelation for dense forest. This is
mainly a result of the much shorter repeat-cycle. If the reduction in decorrelation is
larger for dense forest than for sparse forest the stable observation conditions will
actually lead to a smaller dynamic range, which is a negative effect for the retrieval.
The stable observation conditions often lead to a reduction in the spread around the
regression curve. For the retrieval process the smaller deviations from the curve can
be of greater importance than a reduction in the dynamic range. In Figure 5.5 an
example of the curve fitting for an ERS-1/2 pair from the winter is displayed. The
test area is the same as the one used for the JERS-1 coherence in Figure 5.3. Both
figures show curves that are favourable for growing stock volume retrieval. Images
of the regression curves for all remaining ERS-1/2 pairs and test areas are collected
in Figure B.10 to Figure B.14 in Appendix B.

For the purpose of describing the characteristics of the regression curves and their
suitability for retrieval the tandem pairs can be divided in three groups according to
weather condition at and between the acquisitions (see Table 3.4 and Table 3.6):
frozen, dry unfrozen, and unfrozen with rain. The group “frozen” corresponds to the
same observation conditions that were found suitable for the JERS-1 coherence. This
group shows an offset level that is considerably higher than for the other groups, as
well as compared to the L-band coherence. This is a result of the above-mentioned
reduction in decorrelation for dense forest. For the available winter-pair the dynamic
ranges and slope of the curves are of the same order as for the JERS-1 coherence.
The coherence in the group “dry unfrozen” display offset levels and curve slopes
similar to those observed for L-band, but seems to result in slightly larger dynamic
ranges. Rain reduces the dynamic range and makes the coherence decrease faster
with increasing growing stock volume. As discussed in Chapter 4.4, the pair acquired
in October 1997 over Chunsky displays large differences between the three test areas
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covered. The characteristics of the regression curves suggest that Chunsky South was
more affected by rain than Chunsky North and Chunsky East. Regardless of which
group the C-band coherence belong to, the standard deviations of the distances from
the curves are in most cases larger than in Figure 6.5. The spread also appears to be
slightly larger than that observed for the JERS-1 curves.

The values of the chosen retrieval accuracy indicators, the RMSE, R? and relative
RMSE, are listed in Table 5.9 to Table 5.12. Plots showing how well the estimated
growing stock volumes correspond to the ground truth growing stock volumes have
been included in Appendix B, Figure B.15 to Figure B.18. Comparing the relative
RMSE for all ERS-1/2 pairs it can be noted that there are large differences between
the test areas even when the measurements originate from the same acquisition dates.
This stresses the influence that the structure and composition of the test areas has on
the retrieval results. The previously presented retrieval results for the JERS-1
coherence are in many cases as good as, or better than the C-band results. Even
though the C-band coherence from dry unfrozen conditions presents a larger dynamic
range, the larger deviations from the curve decrease the retrieval accuracy to the
same levels as for the L-band coherence.

Table 5.9 RMSE and R? for the retrieval of growing stock volume from ERS-1/2
coherence.

ACCéL;itsei;ion Bolshe-Murtinsky Northwest | Bolshe-Murtinsky Southwest
RMSE [m¥/ha] R? RMSE [m¥/ha] R?

10070006 | Y137 042 1090 044

1oos0sz0 | 1379 024 1217 037

Table 5.10 RMSE and R? for the retrieval of growing stock volume from ERS-1/2
coherence.

AC%L;itsei;ion Chunsky North Chunsky South Chunsky East

mimal | R | g | R | o |
13328% 87.3 058 | 1194 | 017 91.1 0.70
138;1882 57.0 073 | 1433 | 007 | 1398 | 053
13338282 1255 | 032 | 1496 | 008 | 1300 | 048
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Table 5.11 Relative RMSE for the retrieval of growing stock volume from ERS-1/2

coherence.
Ac%lgltsgglon Bolshe-Murtinsky Northwest | Bolshe-Murtinsky Southwest
RMSE [%] RMSE [%]
1997-09-25
1997-09-26 48.0 77.3
1998-05-28
1998-05-29 58.2 87.1

Table 5.12 Relative RMSE for the retrieval of growing stock volume from ERS-1/2

coherence.
Ac%ljilts;gon Chunsky North Chunsky South Chunsky East
RMSE [%] RMSE [%] RMSE [%]

1996-01-14

1996-01-15 57.9 57.2 775
1997-10-05

1997-10-06 37.3 68.4 119.0
1998-06-07

1998-06-08 83.2 713 108.2

Chunsky East
1.0 BERRRRRRE LIS A LI A LI A LI A

ERS Coherence

200

300
Growing Stock Volume [m*/ha]

Figure 5.5 Example of regression curve for ERS-1/2 coherence from Chunsky East.
The regression parameters are given in the expression at the bottom of the plot. The
dashed lines correspond to the upper and lower limits of the regression curve. The
dotted lines represent the two standard deviation distances from the curve and the
dashed dotted lines are the limits for removal of outliers.
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5.3 Conclusions

In this chapter retrieval of growing stock volume from JERS-1 repeat-pass coherence
has been demonstrated. A model was chosen and methods for selection of training
data and removal of outliers were defined. The accuracy of the retrieval was analysed
and finally a comparison with retrieval from ERS-1/2 tandem coherence was
conducted.

In a first step the correlation between coherence and growing stock volume was
tested. For winter pairs the linear Pearson correlation coefficient was found to range
from -0.60 to —0.87. In half of these cases the coefficient was —0.8, or better. This
proved that there is a correlation between JERS-1 repeat-pass coherence and growing
stock volume. An exponential model was selected to describe the relationship. After
training of the model with curve fitting, the regression curves were compared with
test sets, and in all cases it was found that the curves were in good agreement with
the test data.

As indicators for the retrieval accuracy the RMSE, the relative RMSE and the
coefficient of determination R? were chosen. A best RMSE of 60 m*ha was obtained
and in most cases the RMSE was smaller than 100 m*ha. With one exception the
relative RMSE stayed within the range 43 to 76 %. R? showed large variations, partly
depending on the distribution of growing stock volumes for the respective test area.
The best R* was observed to be 0.75.

The same model was used for the retrieval from ERS-1/2 tandem coherence. The
best obtained values of RMSE, relative RMSE and R? were 57 m?/ha, 37 % and 0.73
respectively. However, for over 70% of the studied pairs the RMSE was over 100
m?ha. The results are far from the best ones reported by other authors for test areas
in Northern Europe. This might be explained by different structure of the forests,
with more mixed, unmanaged forests in Siberia, and by larger uncertainties in the
ground data. This can result in larger spread in the data, which will inevitably lead to
larger uncertainties in the retrieval. The obtained retrieval accuracy for JERS-1
coherence is in many cases as high as, or better than for the ERS-1/2 coherence. This
indicates that under frozen winter conditions L-band repeat-pass coherence can be an
alternative to C-band coherence with shorter temporal baselines for growing stock
volume retrieval.
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Chapter 6

Forest mapping and monitoring

The purpose of this chapter is to investigate if it is possible to use spaceborne L-band
repeat-pass coherence for mapping and monitoring of forest and to give a preview of
two potential forestry applications. The term mapping will be used to denote
applications where only one temporal coverage of a large geographical area is
required. For monitoring, at least two coverages are needed to determine if any
changes have occurred. The suitable time span between these acquisitions depends
on the processes or changes that should be detected or observed. For most forestry
applications annual observations are sufficient, but forest fire is one example where
frequent data acquisitions and rapid response is desirable. It has not been the
intention to give a full analysis of the topic or to develop new methods for mapping
or monitoring. This is left for future work.

6.1 Growing stock volume mapping

As an example of a mapping application the mapping of growing stock volume has
been selected. Two approaches have been evaluated. The first one is based on
retrieval using the regression model presented in Chapter 5 and the second is a
version of the adaptive classification algorithms introduced in the SIBERIA project
(SCHMULLIUS, et al., 2001; WAGNER, et al., 2003). Both methods use JERS-1
coherence and JERS backscatter as inputs. The results are compared with forest
inventory data and with the output from the SIBERIA algorithm using the ERS-1/2
tandem coherence and JERS-1 backscatter it was designed for. To allow a
comparison, the same growing stock volume classes as in the SIBERIA project have
been used. These forest classes were chosen after analysis of the information content
in the available satellite data and of its correlation with the growing stock volume in
the forest inventory database. In addition, two non-forest land cover classes were
included in the SIBERIA classification legend (Table 6.1).

The first approach used the regression model given in Equation 5.1 to describe the
relationship between the JERS-1 coherence and the growing stock volume. Training
of the model was done as described in Chapter 5. Coherence from frozen conditions
was used. Compared to the coherence, the JERS-1 backscatter contains partly
complementary information, and was in the SIBERIA project found to provide
separation between the forest classes and the non-forest classes, something that was
not possible with the ERS-1/2 coherence. The most convenient procedure would be
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to use the backscatter from one of the winter acquisitions that were used for the
coherence estimation. However, since JERS-1 backscatter in general gives a larger
dynamic range for unfrozen conditions (SANTORO, et al., 2003), and because water
surfaces cannot always be separated from other classes when the surface is frozen, it
is preferable to combine the winter coherence with a backscatter image acquired
under unfrozen conditions. For the JERS-1 backscatter an expression of the
following form was used:

v

O'O(V)= o, +(GO —O'm)~e Yo (6.1)

where oy and &, are respectively the backscatter coefficients at ¥ = 0 m’/ha (non-
forest) and for asymptotic values of V' (dense forest), and V, is the value of V at
which the exponential function has increased by e. After determination of the
unknown model parameters, the coherence and backscatter expressions were used to
calculate class means for each growing stock volume class. These mean values were
used for a Maximum Likelihood classification of the whole image. The resulting
growing stock volume map for the test area Chunsky North is displayed in Figure 6.1
a). For the test areas the map could be compared with forest inventory data. In Table
6.2 the results of the accuracy assessment are listed.

One problem with mapping of large geographical areas is that there are not always
forest inventory data available for the whole region. Without training data from all
satellite scenes there is a high risk that growing stock volume maps that originate
from several scenes will be inhomogeneous and contain visible boarder effects. This
can be a result of changing environmental conditions that give coherence and
backscatter levels that fluctuate from one scene to the other. These effects are more
severe between scenes in the across track direction than along track. To reduce this
problem, a classification method that adapts to the coherence and backscatter levels,
with only limited use of training data, was developed in the SIBERIA project.
Empirical models similar to those utilized in the first classification approach were
used. Some model parameters were given fixed values, but the most sensitive
parameters were estimated from the coherence and backscatter histograms of each
scene. After the model parameters were determined, the same Maximum Likelihood
classifier as in the first approach was used. The methods were developed for the use
of ERS-1/2 tandem coherence together with JERS- backscatter, but have here been
tested with JERS repeat-pass coherence instead of the ERS-1/2 coherence. A more
detailed description of the SIBERIA classification procedures and the involved
empirical models are given in (WAGNER, et al., 2003) and of obtained accuracy
levels in (BALZTER et al., 2002).

Table 6.1 Classes used in the SIBERIA project

SIBERIA classes Land cover type

Water River, lake, inland water

Smooth open areas Agricultural fields, river sand bar
Bogs, meadows, hayfields, pasture, clear-

Open areas (< 20 m*/ha) cut, burnt forest (stand replacing), young
regrowth

Forest 20 - 50 m*/ha Forest 20 - 50 m*/ha

Forest 50 - 80 m*/ha Forest 50 - 80 m*/ha

Forest > 80 m?/ha Forest > 80 m?/ha
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B Water

Open land

0 — 20 m3/ha

20 - 50 m3/ha
W50 - 80 m3/ha
W50 — 470 m3/ha

Open land
0 — 20 m3/ha
: @4 1120 — 50 m3/ha
by W50 — 80 m3/ha
;‘ M50 — 470 m3/ha

0—-20 m3/ha
21-50 m3/ha
W51-80 m3/ha
BWE1-470 m3/ha

Open land

0 — 20 m3/ha

e 20 — 50 m3/ha
¢w M50 — B0 m3/ha

3 W80 — 470 m3/ha

Figure 6.1 Growing stock volume maps for Chunsky North produced with a) JERS-1
coherence and backscatter using the regression model from Chapter 5, b) JERS-1
coherence and backscatter and the SIBERIA algorithm, c) ERS-1/2 tandem
coherence and JERS-1 backscatter and the SIBERIA algorithm. Forest inventory data
are shown in d). The JERS-1 coherence is from January/February 1996, the JERS-1
backscatter from August 1998, the ERS coherence from October 1997 and the forest
inventory data from 1998.
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Chunsky North

Il Matural stand
I Unclosed natural stand
[ Forest plantation

[ ] Unstocked farest plantation
[ Sparse forest

I Burned forest

[ Stand marked for cutting
[ Clear-cut areas

[ Agriculture, hay

Hl Fiver

[ Boy

Figure 6.2 Change detection map for Chunsky North (left figure) and land cover
classes according to the forest inventory database (right figure). The change
detection map is an RGB-composite with the following bands:
Blue: JERS-1 coherence from December 1993/February 1994

: Difference between JERS-1 coherence from January/February 1996 and
JERS-1 coherence from December1993/February 1994
Red: Difference between ERS-1/2 coherence from October 1997 and ERS-1/2
coherence from January 1996.

Interpretation:
Blue=Open areas or sparse forest before December 1993

=Changes that occurred between February 1994 and January 1996
Red=Changes that occurred between January 1996 and October 1997.
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The classification results for Chunsky North using the second approach are given in
Figure 6.1 b) and Table 6.3. It can be seen that the growing stock volumes for sparse
forest classes are overestimated. This is a result of the model assumption that the
dynamic range increase with increasing offset level. That this can lead to
misclassification has been demonstrated for ERS-1/2 tandem data from the winter
season (ERIKSSON et al., 2002a), but the effect is the same for JERS-1 data. A
comparison with ERS-1/2 tandem coherence from October 1997 is given in Figure
6.1 ¢) and Table 6.4. The accuracy assessment shows values comparable with those
from the JERS-1 coherence with the first classification approach. It is also possible
to identify clear-cuts that have occurred between the acquisition of the JERS-data
and the ERS-1/2 data.

Table 6.2 Classification accuracy for Chunsky North using JERS-1 coherence and
backscatter and “normal” training of a regression model.

Class Prod. Acc. User Acc. Prod. Acc. User Acc.
[m3/ha] [%] [%] [pixels] [pixels]

<20 65.68 88.41 43507/66240 43507/49208
20-50 19.39 10.12 1299/6699 1299/12841
50 - 80 26.53 1.63 334/1259 334/20528

> 80 79.32 88.48 64217/80959 64217/72580

Table 6.3 Classification accuracy for Chunsky North using JERS-1 coherence and
backscatter and the SIBERIA algorithm.

Class Prod. Acc. User Acc. Prod. Acc. User Acc.
[m?/ha] [%] [9%] [pixels] [pixels]

<20 10.64 90.89 7027/66040 7027/7731
20-50 31.45 7.94 2106/6697 2106/26531
50 — 80 27.42 1.11 345/1258 345/31137

> 80 92.82 83.91 75111/80917 75111/89513

Table 6.4 Classification accuracy for Chunsky North using ERS-1/2 tandem
coherence and JERS-1 backscatter and the SIBERIA algorithm.

Class Prod. Acc. User Acc. Prod. Acc. User Acc.
[m3/ha] [%] [%] [pixels] [pixels]

<20 61.16 87.18 40511/66236 40511/46470
20-50 20.20 7.19 1353/6699 1353/18809
50 — 80 30.42 1.56 383/1259 383/24613

> 80 75.31 9343 60982/80971 60982/65273

6.2 Change detection

When a time series of high quality data is available it should be possible to detect
and monitor changes in the forest cover. For Chunsky North two image pairs from
December 1993 / February 1994 and January / February 1996 made it possible to
evaluate the possibility to use JERS-1 repeat-pass coherence for change detection.
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Unfortunately, forest inventory data were only available from 1998, and did not
come with any information about when clear-cutting or fires occurred. However, due
to their regular shapes and strong contrast to surrounding dense forest, new clear-cuts
are often easy to identify visually.

In addition to the JERS-1 pairs from 1993/1994 and 1996, two ERS-1/2 tandem pairs
were available, the first from the same period as the last JERS-1 pair, and the second
from October 1997. Combining these four pairs it was possible to create a change
detection map where the identified changes could be divided in two groups
depending on if they occurred in the period February 1994 to January 1996 or
between January 1996 and October 1997. This map is shown in Figure 6.2. It was
created by calculating the difference in coherence over the two periods and then
using strong thresholding of the histograms of the resulting difference images to
filter out the strongest changes. A comparison with the forest inventory data in the
same figure reveals that the forest fires either occurred before December1993 or after
October 1997, or the changes in forest cover were not strong enough to remain after
the threshold filtering.

6.3 Conclusions

The two evaluated forestry applications show that spaceborne L-band repeat-pass
coherence has a potential for forest mapping and monitoring. The growing stock
volume classification was tested with two different methods that require one
coherence image and one backscatter image. The results show a high accuracy for
classification of the class with growing stock volumes above 80 m?*ha, but with the
current version of the SIBERIA algorithm, the growing stock volume is
overestimated for sparse and young forest. A modification of the algorithm that
allows automatic adaptation to the dynamic range of each coherence image would be
desirable and can be expected to improve the results.

Using histogram thresholds for a time series of at least two coherence images it was
possible to identify larger changes like clear-cuts that occurred in the period between
the acquisitions for the two images. For identification of smaller changes, e.g.
selective logging or thinning, refined methods will be needed. A corresponding time
series of ground data is vital for the validation. Lack of validation data prevented a
more thorough study for the available test areas.
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Chapter 7

Conclusions

7.1 Summary of results

The main goal of this thesis was to answer some of the open questions regarding
characteristics and usefulness of L-band coherence for forestry applications. Based
on the availability of ground and satellite data the work was limited to the study of
boreal forest with JERS-1 repeat-pass coherence. Six test areas located at the Central
Siberian Plateau were selected and 19 JERS-1 44-day pairs were evaluated. Five
ERS-1/2 tandem pairs were included in the study to allow a comparison between L-
band and C-band coherence.

The first part of the analysis was focused on finding the main causes for
decorrelation of the available JERS-1 repeat pass coherence. Based on available
meteorological data, the effects of different environmental conditions at or between
the acquisitions were studied. It was found that that freeze and thaw cause strong
decorrelation. Rain was also found to give decorrelation, but for the available image
pairs the decorrelating effect was not as strong as for freeze or thaw. The highest
coherence was reached for sparse forest when both acquisitions were done under
frozen winter conditions. These conditions also gave the largest contrast in coherence
between sparse and dense forest. Snowfall did not seem to affect the winter
coherence. Due to insufficient measurements, no conclusions could be made about
the effect of wind.

The influence of temporal and spatial baseline on the coherence was also
investigated. Coherence from winter pairs with temporal baselines of 88 days, two
years and three years was compared with the 44-day coherence. The analysis showed
that under favourable conditions 88-day coherence from sparse forest could reach
above 0.5. For images that were separated by over one year, the coherence was
significantly lower, but at some test areas still showed possibilities to separate sparse
and dense forest. No clear correlation could be identified between perpendicular
baseline and coherence, even though dense forest displays a weak tendency towards
higher coherence for baselines shorter than 500 m. Baselines up to 2 km were found
to give high coherence for sparse forest.
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A comparison between JERS-1 repeat-pass coherence and ERS-1/2 tandem
coherence showed that under frozen conditions L-band coherence could reach levels
comparable to C-band coherence acquired under unfrozen conditions.

In the second part of the study it was evaluated if JERS-1 repeat-pass coherence can
be used to retrieve growing stock volume. Based on the results from the analysis of
temporal decorrelation, only 44-day coherence from the winter season was
considered. An exponential model was selected to describe the relationship between
coherence and growing stock volume. As indicators for the retrieval accuracy the
RMSE, the relative RMSE and the coefficient of determination R? were chosen. A
best RMSE of 60 m3/ha was obtained and in most cases the RMSE was smaller than
100 m*/ha. With one exception the relative RMSE stayed within the range 43 to 76
%. R? showed large variations, partly depending on the distribution of growing stock
volumes for the respective test area. The best R was observed to be 0.75.

The same model was used for growing stock volume retrieval from ERS-1/2 tandem
coherence. The best obtained values of RMSE, relative RMSE and R? were 57 m3/ha,
37 % and 0.73 respectively. For over 70% of the studied pairs the RMSE was over
100 m*/ha. The obtained retrieval accuracy for JERS-1 coherence is in many cases as
good as, or better than for the ERS-1/2 coherence. This indicates that under frozen
winter conditions L-band repeat-pass coherence can be an alternative to C-band
coherence for growing stock volume retrieval.

In the final part of the study the aim was to make a first evaluation of potential
forestry applications with JERS-1 repeat-pass coherence. Two applications were
selected for the evaluation, one representing forest mapping and the other forest
monitoring. To investigate the mapping potential, a simple growing stock volume
classification was done. The classification was done with a method that requires one
coherence image and one backscatter image. The results show a high accuracy for
classification of the class with growing stock volumes above 80 m?/ha, but with the
current version of the SIBERIA algorithm, the growing stock volume is
overestimated for sparse and young forest.

As an example of forest monitoring with JERS-1 repeat-pass coherence, a simple
method for change detection was tested. Using histogram thresholds for a time series
of at least two coherence images it was possible to identify larger changes like clear-
cuts that occurred in the period between the acquisitions for the two images. For
identification of smaller changes, e.g. selective logging or thinning, refined methods
will be needed. The possibility to combine L-band and C-band coherence was
demonstrated with a time series consisting of coherence images from JERS-1 (1994
and 1996) and one from ERS-1/2 (1997).

7.2 Discussion

The presented results show that as long as the acquisitions are made under frozen
conditions, satellite-borne L-band interferometric coherence can provide information
for forestry applications. This is a positive result, but it is also connected with
geographical and temporal limitations. Only in boreal forest can we expect to find
frozen conditions at two acquisitions separated by 44 days or more. Compared to the
continental climate in Siberia, the more coastal climate in Northern Europe also
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reduce the probability to find image pairs acquired under frozen conditions.
However, the vast majority of the boreal forests in the world are located far enough
from the coasts to provide a climate suitable for winter acquisitions. Temporally the
acquisition period is limited to a few months per year. With a repeat-cycle as long as
44 days this reduce the number of possible acquisitions so that only two, or in
extreme cases three, coherence images can be produced annually. For most types of
forest monitoring this should be enough.

It should be noted that no JERS-1 pairs with dry unfrozen conditions at both
acquisition dates were available for evaluation. Test areas where data from both
frozen and dry unfrozen conditions are available need to be analysed to fill this gap.

The methods and models that have been used in this thesis for retrieval, mapping and
monitoring are not the most advanced, but were found to be sufficient for the purpose
of demonstrating the capacity of L-band repeat-pass coherence. For operational use,
or for increased accuracy, improvements might be needed, or more sophisticated
methods and models should be selected.

7.3 Future outlook

Currently there are no satellites in orbit with an L-band SAR onboard, but this will
change within a near future. During the second half of 2005 JAXA plans to launch
the Advanced Land Observing Satellite (ALOS), which will carry the Phased Array
type L-band SAR (PALSAR). PALSAR will have the capability of acquiring fully
polarimetric data and electronically steering the look angle within a wide range (See
Table A.1 in Appendix A), but most of the time it will be operating with only one or
two polarizations at a fixed look angle. The nominal look angle will be 34.3° (ITO et
al.,2001) and the polarizations HH or HH+HV. This will provide continuity with the
acquisition characteristics of its predecessor JERS-1 SAR. ALOS will have an orbit
with a repeat-cycle of 46 days, which should result in repeat-pass coherence with
properties and limitations similar to those reported in this thesis. The advantages with
PALSAR compared to JERS-1 will be the possibility to acquire simultaneous data in
two or four polarizations, or when operated in single polarization mode, a higher
spatial resolution. An improved orbit control can also be expected.

Over the years many satellite concepts incorporating an L-band SAR have been
proposed. Two of the proposals that currently are under evaluation are the
TerraSAR-L and the MAPSAR satellites (ZINK, 2003, SCHRODER et al., 2003). As
can be seen in Appendix A, these two have a lot in common. Both plan to use a
bandwidth that fills the whole 85 MHz that have been allocated by the World
Administrative Radio Conference (WARC). This would give a significantly higher
spatial resolution than previous and current SAR satellites can offer. With a shorter
repeat-cycle, like the 14 days of TerraSAR-L, the possibility to obtain image pairs
with high coherence will be greatly increased and the geographical and temporal
limitations that were mentioned in the previous discussion will be relaxed. Both of
these satellites should be suitable for the polarimetric interferometric SAR
(PolInSAR) methods that have been developed for estimation of forest parameters
(TREUHAFT et al., 1996; CLOUDE & PAPATHANASSIOU, 1998; TREUHAFT &
SIQUEIRA, 2000; PAPATHANASSIOU & CLOUDE, 2001).
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Another innovative idea is the interferometric cartwheel, where a constellation of
passive radar micro-satellites flies in formation with a conventional SAR
(MASSONNET, 2001; ZINK et al., 2003). The quasi-simultaneous radar acquisitions by
the micro-satellites can be used as a single-pass InSAR system. In this way there will
be no temporal decorrelation affecting the coherence. This would make it easier to
estimate forest parameters like the forest height. It has been proposed to fly a
cartwheel constellation together with ALOS or TerraSAR-L.
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Table of space-borne L-band SAR sensors
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Table A.1 Previous, planned and proposed satellite-borne L-band SAR sensors (ITO et al., 2001; KRAMER, 2002; SCHRODER et al., 2003; ZINK,
2003) and (www.eorc.nasda.go.jp/ALOS/).

Mission SEASAT JERS-1 ALOS TerraSAR-L MAPSAR
Sensor SAR SAR PALSAR SAR SAR
Duration % glz;‘: ;aif g?eitérf;i 1 Feb'11999982 —O¢t 1 Second half of 2005 200822 200872
Altitude [km] 769-799 km 568 692 630 620
Repeat cycle [days] 3 44 46 14 37
Frequency [GHZz] 1.275 1.275 1.270 1.2575 1.2575
Wavelength [cm] 23.5 23.5 23.6 23.9 23.9
Band width [MHz] 19 15 281251(‘;{511251‘:; fg(l)"li‘é:)at) 80 85
Polarization HH HH HH, VV, HV, VH HH, VV, HV, VH HH, VV, HV, VH
9.9°-50.8° (Fine mode)
Look angle 20° 35.21° (right looking) 9.7°-26.2° (Pol.) 20°-45° 20°-42°
20.1°-36.5° (ScanSAR)
40-70 (Fine mode) .
Swath width [km] 100 75 20-65 (Polarimetric mode) 1%700 ((sss;fsm:% 20-55
250-350 (ScanSAR mode)
Spatial resolution [m]:
azimuth 25 (4 looks) 18 (3 looks) 10 /20 (Fine and Pol.) 5 (Stripmap) 3.1/10/20
94-100 (ScanSAR 2 look) | 50 (ScanSAR dual pol.) | (1/3.3/6.6 looks)
range 25 18 7-44 / 14-88 (Fine mode) 9 (Stripmap) 3.1-4.7/10/20
24-89 (Polarimetric mode) | 50 (ScanSAR dual pol.)

70-157 (ScanSAR 4 look)
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Table A.2 L-band SAR sensors on the NASA Space Shuttle and Russian MIR space station (JORDAN et al., 1995; KRAMER, 2002) and

(http://southport.jpl.nasa.gov/scienceapps/sirb.html)

Mission SIR-A SIR-B SIR-C PRIRODA

Sensor SAR SAR L-SAR Travers
Duration 12-15 Nov. 1981 5-13 October 1984 20 95.;2132,{\1%%5591499 A %_i, i‘/lfrlihl gggl'
Altitude [km] 260 224 225 300-400
Repeat cycle [days] ? 1 1 6
Frequency [GHz] 1.28 1.275 1.250 1.28
Wavelength [cm] 23 23.5 23.5 23
Band width [MHz] ? 12 10/20 5
Polarization HH HH VV, HH, HV, VH HH or VV
Look angle 47° 15°-65° 20°-55° 35°
Swath width [km] 50 20-40 15-90 50 (400 km altitude)
Spatial resolution [m]:

azimuth 40 20-30 (4 looks) 27 20

range 40 16-58 8.3/14.9 100
References:

ITo, N., HAMAZAKI, T., and TOMIOKA, K., "ALOS/PALSAR characteristics and status", Proceedings of CEOS SAR Workshop, Tokyo, Japan, 2-5

April, 2001.

JOrRDAN, R. L., HUNEYCUTT, B. L., and WERNER, M., "The SIR-C/X-SAR synthetic aperture radar system," /[EEE Transactions on Geoscience and

Remote Sensing, vol. 33, 4, pp. 829-839, 1995.

KRAMER, H. J., Observation of the Earth and Its Environment - Survey of Missions and Sensors, 4th ed, Springer Verlag, Berlin, Germany, 1982

pp-, 2002.

SCHRODER, R., PULS, J., HAINSEK, 1., JOCHIM, F., NEFF, T., KONO, J., PARADELLA, W. R., DA SILVA, M. M. Q., DE MORISSON VALERIANO, D., and
CosTA, M. P.F., "MAPSAR: A small L-band SAR mission for land observation", Proceedings of IAA, B3, 2003

ZINK, M., "The TerraSAR-L interferometric mission objective", Proceedings of Fringe'03, Frascati, Italy, 1-5 December, 2003.
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Appendix B

Results from the model fitting and growing
stock volume retrieval
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Figure B.1 Regression curves for JERS coherence of Bolshe Murtinsky Northwest.
The regression parameters are given in the expressions at the bottom of each plot.
The dashed lines correspond to the upper and lower limits of the regression curves.
The dotted lines represent the two standard deviation distances from the curve and
the dashed dotted lines are the limits that were used for removal of outliers.
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Figure B.2 Regression curves for JERS coherence of Bolshe Murtinsky Southwest.
The regression parameters are given in the expressions at the bottom of each plot.
The dashed lines correspond to the upper and lower limits of the regression curves.
The dotted lines represent the two standard deviation distances from the curve and
the dashed dotted lines are the limits that were used for removal of outliers.
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Figure B.3a Regression curves for JERS coherence of Chunsky North. The
regression parameters are given in the expressions at the bottom of each plot. The
dashed lines correspond to the upper and lower limits of the regression curves. The
dotted lines represent the two standard deviation distances from the curve and the
dashed dotted lines are the limits that were used for removal of outliers.
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Figure B.3b Regression curves for JERS coherence of Chunsky North. The
regression parameters are given in the expressions at the bottom of each plot. The
dashed lines correspond to the upper and lower limits of the regression curves. The
dotted lines represent the two standard deviation distances from the curve and the
dashed dotted lines are the limits that were used for removal of outliers.
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Figure B.4 Regression curves for JERS coherence of Chunsky South. The regression
parameters are given in the expressions at the bottom of each plot. The dashed lines
correspond to the upper and lower limits of the regression curves. The dotted lines
represent the two standard deviation distances from the curve and the dashed dotted
lines are the limits that were used for removal of outliers.
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Chunsky East

1.0 T L e e
| Date 1: 931229 o Training data set |
08; Date 2: 940211 + Test data set N
(] .
(8]
c
g
(O]
<
o
@)
%
x
W
bawl
0 100 200 300 400 500
Growing Stock Volume [m*/ha]
Chunsky East
T 0 B B B R
| Date 1: 951203 o Training data set |
| Date 2: 960116 + Test data set N
. | i
(8]
c
o
(O]
<
o
@)
%)
@
W
bawl
0 o: y(X) = 0.342%exp(-0.0107*x)+0.255 ]
. S S S S S S S S S S ST S S TSSO S S S S S N S S S S S S
0 100 200 300 400 500
Growing Stock Volume [m*/ha]
Chunsky East
T 0 B B B R
| Date 1: 960116 ¢ Training data set i
- Date 2: 960229 + Test data set 1
(]
o
c
o
(O]
<
o
@)
0
x
W
bapl
00 i y(X) = 0.344%exp(-0.0115*x)+0.321 ]
. : e b e e b e b e e e b

0 100 200 300 400 500
Growing Stock Volume [m*/ha]

Figure B.5 Regression curves for JERS coherence of Chunsky East. The regression
parameters are given in the expressions at the bottom of each plot. The dashed lines
correspond to the upper and lower limits of the regression curves. The dotted lines
represent the two standard deviation distances from the curve and the dashed dotted
lines are the limits that were used for removal of outliers.
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Figure B.6 Comparison between growing stock volumes retrieved from JERS
coherence and growing stock volumes from the forest inventory.
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Figure B.7 Comparison between growing stock volumes retrieved from JERS
coherence and growing stock volumes from the forest inventory.
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Figure B.8 Comparison between growing stock volumes retrieved from JERS
coherence and growing stock volumes from the forest inventory.
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Figure B.9 Comparison between growing stock volumes retrieved from JERS
coherence and growing stock volumes from the forest inventory.
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Figure B.10 Regression curves for ERS coherence of Bolshe Murtinsky Northwest.
The regression parameters are given in the expressions at the bottom of each plot.
The dashed lines correspond to the upper and lower limits of the regression curves.
The dotted lines represent the two standard deviation distances from the curve and
the dashed dotted lines are the limits that were used for removal of outliers.
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Figure B.11 Regression curves for ERS coherence of Bolshe Murtinsky Southwest.
The regression parameters are given in the expressions at the bottom of each plot.
The dashed lines correspond to the upper and lower limits of the regression curves.
The dotted lines represent the two standard deviation distances from the curve and
the dashed dotted lines are the limits that were used for removal of outliers.
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Figure B.12 Regression curves for ERS coherence of Chunsky North. The regression
parameters are given in the expressions at the bottom of each plot. The dashed lines
correspond to the upper and lower limits of the regression curves. The dotted lines
represent the two standard deviation distances from the curve and the dashed dotted
lines are the limits that were used for removal of outliers.

B.13



Chunsky South

1.0 - T
; Date if%Ollél 777777777777777777777777 o Tlammg data. seL,7,{
r Date 2: 960115 + Test data set N
e ]
(8] B
© KN | F ey e
& h
5 ,
< B
o
O 1
N _
© 4
T LSt o 25D SOUUURU e ]
02F ]
0 o: y(X) = 0.276%exp(-0.0130%x)+0.467 ]
. S S S T IS S S S S S S S S S T S S I S ST S S S S S TSSO ST T S S
0 100 200 300 400 500
Growing Stock Volume [m*/ha]
Chunsky South
lO L B L L L L L L
| Date 1: 971005 o Training data set |
0.8 [ Date 2: 971006 + Test data set N
° L i
8 L B
o 0.6+ |
(] r 4
< B
8 5. T P i
(7)) ,O A —
o f
T N T .
113~x)+o 261w _]
L | I S S S
0 100 200 300 400 500
Growing Stock Volume [m*/ha]
Chunsky South
lo L B L L L L L L
| Date 1: 980607 ¢ Training data set i
0.8 [ Date 2: 980608 + Test data set N
° i i
8 L B
o 0.6+ |
2 |
8 i i
(%)) Q_ """"""""""""""""""""""""""""""""" —
x ) 4
W e e o _F o _______]
ST T

0 100 200 300 400 500
Growing Stock Volume [m*/ha]

Figure B.13 Regression curves for ERS coherence of Chunsky South. The regression
parameters are given in the expressions at the bottom of each plot. The dashed lines
correspond to the upper and lower limits of the regression curves. The dotted lines
represent the two standard deviation distances from the curve and the dashed dotted
lines are the limits that were used for removal of outliers.
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Figure B.14 Regression curves for ERS coherence of Chunsky East. The regression
parameters are given in the expressions at the bottom of each plot. The dashed lines
correspond to the upper and lower limits of the regression curves. The dotted lines
represent the two standard deviation distances from the curve and the dashed dotted
lines are the limits that were used for removal of outliers.
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Figure B.15 Comparison between growing stock volumes retrieved from ERS
coherence and growing stock volumes from the forest inventory.
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Figure B.16 Comparison between growing stock volumes retrieved from ERS
coherence and growing stock volumes from the forest inventory.
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Figure B.17 Comparison between growing stock volumes retrieved from ERS
coherence and growing stock volumes from the forest inventory.
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Figure B.18 Comparison between growing stock volumes retrieved from ERS
coherence and growing stock volumes from the forest inventory.
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