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Estimation of Biophysical Parameters in Boreal Forests
from ERS and JERS SAR Interferometry

MAURIZIO SANTORO

Institute of Geography, Department of Geoinformatics
Friedrich-Schiller-University Jena

ABSTRACT

Due to their environmental and economic role, boreal forests need frequent and accurate
monitoring. Spaceborne SAR imagery covers entire regions, is acquired on a roughly
monthly basis and represents a data source for a broad spectrum of applications related to
environmental monitoring. In this thesis SAR images and repeat-pass interferometric SAR
images acquired during the ERS and JERS missions have been evaluated for retrieving
biophysical parameters in boreal forests.

The availability of extensive data sets of images over several test sites located in Sweden,
Finland and Siberia has allowed analysis of temporal dynamics of: 1) ERS backscatter,
coherence and interferometric phase, 2) JERS backscatter and, to a lesser extent, coherence.
Dielectric properties of the vegetation and the forest floor have strong influence on all
signatures. Temporal interval between acquisitions affects the coherence and the
interferometric phase. Concerning the one-day tandem ERS coherence, wind speed is the
main source of decorrelation in dense forests. The ERS interferometric phase suffers from
phase noise due to the temporal instability of the canopy and atmospheric artefacts.

Knowledge of the SAR and InSAR signatures characteristics is fundamental for modelling.
In this thesis the Water Cloud Model, which relates forest backscatter to stem volume, and
the Interferometric Water Cloud Model, which expresses the forest complex coherence as
function of stem volume, have been considered. Since the models need to be trained using
stem volume and remote sensing measurements, the validity of the results strongly depends
on the training procedure and on the accuracy of ground-truth data and remote sensing
quantities. Furthermore, in straightforward models such as those used in this work, the effect
of the forest structure on the remote sensing quantities should not be neglected.

Model inversion has been carried out for stem volume retrieval using ERS coherence, ERS
backscatter and JERS backscatter, whereas for tree height estimation the ERS interferometric
phase has been used. Multi-temporal combination of ERS coherence images can provide
stem volume estimates comparable to stand-wise ground-based measurements. The accuracy
decreases at plot level and in large areas if the environmental conditions are different. JERS
backscatter also shows a reasonable potential for stand-wise stem volume retrieval. Since the
information content of the interferometric phase is strongly degraded by phase noise and
uncorrected atmospheric artefacts, model-based tree height estimates generally show large
errors.

Keywords: SAR, boreal forest, interferometry, ERS, JERS, backscatter, coherence,
interferometric phase, stem volume, tree height.






Zusammenfassung

Als die Arbeit zu dieser Dissertation begann, setzte sich gerade die Einsicht durch,
dass boreale Wilder nicht nur aus dkonomischer, sondern auch aus 6kologischer
Sicht von besonderer Bedeutung sind (siche Kyoto-Protokoll 1997). Die grof3e
Ausdehnung des borealen Bioms (20% der Erdoberfliche) und der beschleunigte
Wandel, dem die Wilder im letzten Jahrzehnt ausgesetzt waren, machen deutlich,
dass neue Methoden der Uberwachung, die die bisherigen Methoden in Form von
Vorortmessungen und Photographie ergénzen oder teilweise ganz ersetzen, bendtigt
werden. Die Satelliten-Fernerkundung erwies sich hierfiir als besonders gut
geeignete Informationsquelle. Insbesondere der Satelliten-Fernerkundung mittels
Radar-Sensoren wird ein grof3es Potential fiir das Monitoring des borealen Waldes
eingerdumt. Synthetic Aperture Radar Sensoren (SAR) sind in der Lage, unabhingig
von Wetter und Sonneneinstrahlung, grof3flichige Gebiete abzutasten. Diese
Eigenschaften sind von grundlegender Bedeutung in den Breitengraden, in denen
boreale Wilder zu finden sind, da hier hdufige Bewdlkung und lange Perioden der
Dunkelheit die Einsatzmoglichkeiten optischer Fernerkundungssysteme erheblich
einschrinken. Weiterhin weisen SAR-Daten eine zeitliche und rdumliche Auflosung
auf, die ausreicht, um die Dynamik von intensiver Forstwirtschaft, Kahlschlidgen,
Brandschéden, usw. in kleineren Fldchen von wenigen Hektar erfassen zu konnen.

Das Bildmaterial, das wahrend der ERS'- und JERS*-Missionen gewonnen wurde,
wurde in zahlreichen Projekten auf seine Anwendbarkeit hin untersucht,
einschlieBlich Wald-Monitoring und Ermittlung von Waldparametern mittels
Radarriickstreuung. Aufgrund der hheren Empfindlichkeit des L-Bands an Bord des
JERS-Satelliten fiir Waldstrukturen, erwies sich dieser als geeigneterer fiir
Waldkartierung als das C-Band des ERS. Jedoch erreichten beide Systeme
Genauigkeiten bei der Ermittlung von typischen Waldparametern, z. B. {iberirdischer
Biomasse und Stammvolumen (Volumen der Stimme ohne Asten, Zweige und
Blitter), die meist deutlich hinter der Genauigkeit von Vorortmessungen zuriickblieb.

Die kohérente Arbeitsweise von ERS und JERS ermoglichte bei beiden Systemen die
interferometrische Verarbeitung von Bildpaaren, was den wohl grofiten Wert der
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Zusammenfassung

ERS-Mission und den teilweise unterschitzten Wert der JERS-Mission darstellt. Aus
Interferogramme, auBBergewdhnliche Fortschritte konnten durch die Verwendung der
interferometrischen Phase des ERS fiir die topographische Kartierung erreicht
werden (BAMLER & HARTL, 1998; MASSONNET & FEIGL, 1998). Da Wilder von
Radarsensoren als zusitzliche topographische Elemente erfasst werden, erschien
auch die Bestimmung der Baumhoéhe mittels Interferometrie, nach Aussage einiger
Autoren, ein vielversprechendes Unterfangen zu sein (HAGBERG et al., 1995;
FLOURY et al.,, 1996). Die interferometrische Kohdrenz zeigte hingegen hohen
Informationsgehalt hinsichtlich der Bestimmung von Landoberflichenparametern
(ASKNE & HAGBERG, 1993; WEGMULLER & WERNER, 1995). Es konnte gezeigt
werden, dass die Kohédrenz besser fiir die Bestimmung von Waldparametern geeignet
ist als die Radarriickstreuintensitit (ASKNE et al., 1997), da erste Analysen der
Kohidrenz hinsichtlich ihrer Aussagekraft iiber das Stammvolumen hervorragende
Ergebnisse ergaben (FRANSSON ef al., 2001).

Obwohl die Riickstreueigenschaften borealer Wélder gut verstanden zu sein
scheinen, so sind doch noch einige Fragestellungen betreffend des Verhiltnisses von
Radarriickstreuung und jahreszeitlichen Verdnderungen in den verschiedenen
Breitengraden und die rdumliche Ubertragbarkeit der Waldparameterbestimmung
ungeklirt. Anders stellt sich die Situation der interferometrischen Datenverarbeitung
dar. Die Mechanismen, die Kohédrenz und interferometrische Phase beeinflussen,
sind bisher noch nicht vollstindig verstanden. Wenn dieses wie bei der
Radarriickstreuung erreicht ist, kann die Analyse der jahreszeitlichen Dynamik und
der iiberrdumlichen Vergleichbarkeit der interferometrischen Messwerte, gefolgt von
der Ermittlung des Einflusses auf die Bestimmung von Waldparametern, erfolgen.

Deshalb ist es das Ziel dieser Arbeit, das Wissen dariiber zu erweitern, wie ERS- und
JERS SAR und InSAR Signaturen von borealen Wildern beeinflusst sind, und darauf
basierend Verfahren und Werkzeuge zu entwickeln, die das Monitoring borealer
Wilder ermoglichen.

Satellitendaten verschiedener Testgebiete in Schweden, Finnland und Sibirien
stellten die Basis fiir die Untersuchung der zeitlichen und rdumlichen Eigenschaften
von ERS- und JERS-Riickstreuung sowie der interferometrischen Signatur borealer
Wailder dar. Da die Mechanismen der Radarriickstreuung von der Standdichte
abhingen, wurden die Untersuchungen in getrennten Gebieten mit dichter und
sparlicher Vegetation durchgefiihrt. Im ersten Fall bedeckt der Wald fast den ganzen
Untergrund, so dass die SAR und InSAR-MeBwerte mit Vegetationseigenschaften
korrelieren. Im zweiten Fall sieht das SAR vor allem den Untergrund, so dass dessen
Einfluss das Signal bestimmt.

Die Untersuchungen fiir das C-Band des ERS wurden in zwei Testgebieten
durchgefiihrt: Kittbole (Schweden) und Tuusula (Finnland). Die Ergebnisse beider
Testgebiete weisen eine gute Vergleichbarkeit auf. Die Riickstreueigenschaften
beider Wilder weisen nur geringe Unterschiede auf, erstrecken sich aber iiber einen
groBen Wertebereich. Jahreszeitliche Verdnderungen in Form von gefrorenem bzw.
ungefrorenem Vegetation beeinflussen die Riickstreuung dichter Wilder,
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wohingegen die Dielektrizitdt des Untergrundes (Bodenfeuchte, Schneebedeckung)
die Riickstreueigenschaften der Wilder mit geringerer Standdichte bestimmt.

Aufgrund der fiir die ERS-Mission iiblichen geringen Basislinien wird die Kohérenz
der Wilder im wesentlichen von dem Zeitabstand zwischen den beiden
Aufnahmezeitpunkten bestimmt. Im Falle des Abstandes von einem Tag wéhrend der
ERS-Tandemmission ist die interferometrische Signatur empfindlich fiir
verschiedene Wetterbedingungen. Die Kohérenz dichter Wilder ist viel niedriger als
die wenig bewachsener Wilder, da der Wind den oberen Teil der Baumkrone
bewegt, welcher fiir die Riickstreuung des Radarsignals verantwortlich ist. Fiir
Bildpaare, die bei Frost aufgenommen wurden, scheint sich die Kohdrenz zu
erhohen, was wohl auf die erhohte Transparenz der Baumkrone aus Sicht des
Radarsignals zurlickzufiihren ist. Der Untergrund weist in der Regel eine hohe
Kohérenz auf, es sei denn, die dielektischen Eigenschaften dndern sich, z. B. durch
Niederschlag oder Schneebedeckung.

Fiir das L-Band des JERS wurden Bilder der Testgebiete Kittbole, Tuusula und
Bolshe-Murtinski (Sibirien) analysiert. Die beiden Waldtypen zeigen hier sehr
unterschiedliche Niveaus der Radarriickstreuung und nur sehr geringe Streuungen
der Werte. Dies ist eine Folge des nun relevanten Eindringens der Radarwelle in die
Baumkrone, weshalb das zuriickgestreute Signal fiir Waldparameter empfindlich ist.
Dichte Wilder weisen eine stirkere Beeinflussung durch die jahreszeitliche Dynamik
auf. Wenn Frost auftritt, sinkt das Riickstreusignal deutlich um 4dB. Dieses Niveau
bleibt dann konstant bis zum FEinsetzen von Tauwetter im Friihjahr. Der hohe
Korrelationsgrad zwischen Temperatur und der Riickstreuintensitit von Wéldern
bestitigt, dass dieser Parameter als Mal} fiir jahreszeitliche Verdnderungen in den
Wildern genutzt werden kann. Die Riickstreueigenschaften des Untergrundes werden
wie im Falle des C-Bands, wenn auch nicht so deutlich, von den dielektrischen
Eigenschaften des Waldbodens oder der Schneedecke bestimmt.

Die JERS-Kohérenz konnte nur fiir das Testgebiet in Kéttbole untersucht werden.
Selbst wenn die Basislinie ausrecichende Werte aufwies, so fiihrten doch die
instabilen Wetterverhéltnisse Skandinaviens und die niedrige Bildwiederholrate des
JERS-Satelliten zu generell niedriger Kohidrenz. Die Basislinien und der lange
zeitliche Abstand zwischen der Aufnahme der Bildpaare beschrinken das Potential
der JERS-Kohérenz zur Nutzung fiir Wald-Monitoring.

Die Eigenschaften von Riickstreuintensitit und Kohdrenz bilden die Grundlage fiir
Modellierungsversuche und die Bestimmung von Waldparametern. In dieser
Dissertation werden zwei Modelle verwendet, die auf dem Strahlungstransfer durch
eine homogene Schicht, welche eine Vegetationsschicht reprisentiert, basieren. Das
Water Cloud Model (WCM) (ATTEMA & ULABY, 1978) und das Interferometric
Water Cloud Model (IWCM) (ASKNE et al., 1995; ASKNE, et al., 1997) fassen die
Riickstreuintensitdt und die komplexe Kohidrenz als Summe der Beitrige einer
Vegetations- und einer Waldbodenlage zusammen. Beide Modelle verkniipfen die
Messwerte der Fernerkundung mit dem Stammvolumen. Da fiinf Parameter der
Modelle von vornherein unbekannt sind, miissen die Modelle mittels Regressionen
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durch eine Reihe von Messungen der Riickstreuung oder der Kohdrenz sowie der
entsprechenden Stammvolumina trainiert werden.

Die Qualitidt der Modellanpassung hingt von der Qualitit der Daten ab. Da die
Riickstreuung des ERS-Signals stark streut und nur geringe Empfindlichkeit fiir
Waldeigenschaften aufweist, unterliegen die Ergebnisse der Regression einem
groBBeren Unsicherheitsfaktor. Die Kohdrenz korreliert wesentlich besser mit dem
Stammvolumen, weshalb sie auch besser zum Training der Modelle geeignet ist. Der
Nachteil ist, dass aus einem Satz an Kohdrenzmessungen, fiinf Parameter gleichzeitig
bestimmt werden miissen. In dieser Dissertation wird eine Kopplung der
Regressionen des WCM und des IWCM vorgeschlagen. Auf diesem Wege werden
nicht nur die Unwiégbarkeiten der Riickstreuungsmessungen eingegrenzt, sondern
auch die fiinf unbekannten Parameter aus zwei Datensdtzen, anstatt aus einem
Datensatz, bestimmt. Im Falle des JERS wurde nur die Riickstreuintensitit benutzt,
da die Koharenz unzureichende Qualitét besal.

Einem Iterationsschema folgend, wurde fiir alle verfiigbaren Datensétze eine
korrekte Anpassung erreicht. Um eine genaue Anpassung erreichen zu konnen, sind
die Qualitdt der benutzten Daten und die Verteilung von Stammvolumina im
Bereich, der von Interesse ist, von entscheidender Bedeutung. Allgemein kann gesagt
werden, dass, solange keine Verdnderung der Wetterbedingungen auftritt, die
Schitzung der Modellparameter die hohe Kohérenz des Untergrundes, die niedrige
Kohérenz der Vegetation, die steigende Strahlungsdurchlissigkeit des Waldes und
die kaum zu unterscheidende Riickstreuung von Wald und Untergrund korrekt
wiedergibt.

Bei der Anwendung des WCM-Modells auf die JERS-Riickstreuung blieben die
Schitzungen der fiinf Unbekannten zwar generell im realistischen Wertebereich,
jedoch  ergaben sich einige Unstimmigkeiten beim  Vergleich  der
Strahlungsdurchléssigkeit der nord-europidischen und sibirischen Wilder, was auf die
unterschiedliche Verteilung der Stammvolumenangaben und verschiedenen
Forstverwaltungen zuriickzufiihren ist. Obwohl die Modellierung mittels ERS-Daten
generell eine bessere riumliche Ubertragbarkeit aufwies, so muss doch erwihnt
werden, dass fiir Sibirien keine ERS-Daten zur Verfligung standen, weshalb diese
Analysen auf Schweden und Finnland beschrénkt blieben.

Mit den einmal trainierten Modellen kann durch Inversion eine Bestimmung des
Stammvolumens an unabhidngigen Standorten durchgefiihrt werden. Die
Stammvolumenbestimmung aus Kohédrenzdaten wurde auf die drei Grundeinheiten
der Forstinventur bezogen: Bestand, Plot und regionale Ebene. Aufgrund des
radartypischen Speckle wird die Riickstreuintensitit nur auf dem Level des Bestands
durchgefiihrt.

Im Bereich des Waldbestands ergibt das IWCM in Kombination mit der ERS-
Kohérenz die besten Ergebnisse; insbesondere gilt dies fiir Bildpaare, die bei stabilen
Winterbedingungen aufgenommen wurden. Die ERS-Riickstreuintensitit ist generell
unbrauchbar. Die  Bestimmung des Stammvolumens mittels JERS-
Riickstreuintensitdt fiihrt hingegen bei trockenen und ungefrorenen Bedingungen zu
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zuverldssigen und zeitlich konstanten Ergebnissen. Die multi-temporale
Kombination der Ergebnisse filihrt zur Erhohung der Bestimmungsgenauigkeit.

Abgesehen von der ERS-Riickstreuintensitit, ist die Bestimmung des
Stammvolumens stark abhingig vom jeweiligen Testgebiet. Die Ubertragbarkeit der
Ergebnisse auf andere Testgebiete ist gering. Zwei Griinde kdnnten hierfiir angefiihrt
werden:

1)  Ungenauigkeit der Fernerkundungs- und Bodendaten, die fiir das Training der
Modelle benutzt wurden

2)  Arbeitsweise des Forstmanagements.

In Kittbole konnten, dank der qualitativ hochwertigen Kohérenz- und Bodendaten,
mittels Inversion des IWCM und der multi-temporalen Kombination verschiedener
Aufnahmen im Stammvolumenbereich zwischen 0 und 350 m’/ha Ergebnisse
erreicht werden, die mit denen von Vorortmessungen vergleichbar sind (relativer
RMSE von 7%). Die Inversion des WCM unter Verwendung der JERS-
Riickstreuintensitdt ergab einen etwas schlechteren aber immer noch vergleichsweise
geringen RMSE von 22%. Da diese Ergebnisse noch nicht in anderen Testgebieten
erreicht werden konnten, wo vermutlich erhebliche Fehler entweder die
Fernerkundungs- oder Bodendaten beeinflussen, ist es moglich fiir die Bestimmung
des Stammvolumens im Bestinden zu behaupten:

1.  Die ERS-Tandem-Kohédrenz ermdglicht die beste Ergebnisse.
2.  Die JERS-Riickstreuintensitit ermdglicht angemessene Schétzungen.

3. Die modell-basierte Herangehensweise und die multi-temporale Filterung
stellen zuverldssige Verfahren dar.

4.  Die Definition der Waldattribute und ihre Ermittlung vor Ort ist grundlegend
fiir das Training der Modelle.

Die Bestimmungsgenauigkeit nimmt aufgrund der kleineren Flache auf dem Plot-
Level signifikant ab. Neben der Grofle der betrachteten Waldflache spielt auch die
Variabilitit der Umweltbedingungen eine wichtige Rolle. Fiir das in dieser
Dissertation vorgestellte Verfahren miissen gleiche Umweltbedingungen im
gesamten Testgebiet herrschen; diese Bedingung stellt gerade in Regionen mit
hiufigen Wetterwechseln einen beschrinkenden Faktor dar. Dies gilt auch fiir die
Stammvolumenbestimmung unter verschiedenen Umweltbedingungen auf regionaler
Ebene. Ab einer Fliche von 1000 km® scheint es jedoch eine gute Ubereinstimmung
der Vorortmessungen und der geschétzten Werte zu geben.

Die zweite Grofle, die im Rahmen dieser Arbeit hinsichtlich ihrer Anwendbarkeit fiir

Forstanwendungen untersucht wird, ist die interferometrische Phase (in dieser
Dissertation wird nur die Phaseninformation des ERS betrachtet). Diese Grofle

Vii
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korreliert direkt mit der Hohenlage, in der die Riickstreuung des Radarsignals
geschieht. Deshalb kann aus der Phase die Baumhohe bestimmt werden;
vorausgesetzt, die Eindringtiefe der Welle in die Baumkrone ist bekannt. Da die
interferometrische Phase starken Rauscheinfliissen unterliegt, verursacht durch die
zeitliche Instabilitdt der Vegetation und atmosphirische Heterogenititen, kann die
Bestimmung der Baumhohe erhebliche Fehler aufweisen. Obwohl der
atmosphirische Einfluss theoretisch entfernbar ist, bleibt das Phasenrauschen eine
Eigenschaft des Zielobjekts und verringert somit erheblich den Informationsgehalt
der Messung. Die Technik des ,,Permanent Scatterers® ist vielversprechend fiir
Forstanwendungen in verstiddtert Regionen; in borealen Wéldern werden jedoch fiir
die Entfernung der atmosphérischen Artefakte Referenzinformationen von offenen
Fliachen benoétigt, die ein ,,phase-screen* ermoglichen. Da diese Anforderung selten
gegeben ist, scheint es sinnvoller zu sein, Bildpaare zu wihlen, zu denen auch
meteorologische Messwerte zur Verfiigung stehen. Bildpaare, die bei Nacht, im
Winter oder stabilen Wetterverhdltnissen aufgenommen wurden, sind am wenigsten
durch Artefakte beeinflusst.

Die Inversion der interferometrischen Phase fiir die Testgebiete in Kéttbole und
Tuusula zeigt einen erheblichen Einfluss atmosphérischer Artefakte und des
Phasenrauschens auf die Bestimmung der interferometrischen Baumhohe. In den
wenigen Bildpaaren, die nicht durch atmosphédrische Artefakte beeinflusst sind, ist
die interferometrische Baumhohe sehr niedrig und korreliert aufgrund des
Phasenrauschens wenig mit Parametern wie dem Stammvolumen. Da diese Bilder
bei winterlichen Frostbedingungen aufgenommen wurden, kann die niedrige
Baumhohe mit dem tieferen Eindringen des Radarsignals in die Vegetation
begriindet werden. Mittels IWCM kann die interferometrische Baumhohe um die
Eindringtiefe und die volumetrische Dekorrelation des Signals korrigiert werden.
Insgesamt unterliegt die Baumhoéhenbestimmung groBen Fehlereinfliissen. Trotz
guter Ergebnisse bei kleinen Wildern in Paris, scheint die Anwendbarkeit der
interferometrischen Phase fiir die Baumhohenbestimmung in borealen Wéildern
begrenzt zu sein.

Zusammenfassend lésst sich sagen, dass es moglich ist mit SAR-Systemen im All
zuverldssige und genaue Bestimmungen des Stammvolumens durchzufiihren. Die C-
Band-Kohirenz aus Tandemszenen aber auch die Riickstreuintensitit des L-Bands
ermoglichen im GroBenbereich der Bestinde Stammvolumenbestimmungen im
Genauigkeitsbereich der Vorortmessungen. Hinsichtlich der Baumhohenbestimmung
konnte das Potential der interferometrischen Phase des C-Bands gezeigt werden,
wobei das Phasenrauschen die erreichbaren Ergebnisse stark einschrinkt. Die
riumliche Ubertragbarkeit der Fernerkundungsmessungen und Methoden zur
Bestimmung von Waldparametern konnte bewiesen werden. Es bedarf allerdings
einer klaren Definition der Wélderparameter, um Anwendungen in der borealen Zone
ermoglichen zu kdnnen.
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Chapter 1

Introduction

Accurate assessment and planned exploitation of the Earth’s natural resources
represent key-issues in the current discussion concerning the status of the planet.
Several areas are under rapid and partly uncontrolled transformation, one of the most
endangered being the boreal biome and its forests. Boreal forests cover one fifth of
the Earth surface. They represent a unique environment stretching all over the
northern hemisphere, along the Arctic Circle. Despite their remote location and the
fact that access is limited for long periods because of the prohibitive weather
conditions, boreal forests have been acknowledged as being severely affected by
human activities.

Boreal forests have both a fundamental economic and environmental role. On one
hand timber products represent one of the main sources of income for several
countries in the boreal zone (Sweden, Finland, Russia and Canada). On the other
hand, boreal forests represent a significant carbon pool. Taking into account that
Siberian forests contain roughly half of the world’s growing stock volume of
coniferous species, it is clear that boreal forests contribute to the carbon budget for
the whole planet. The massive trade of wood, the intensive forest management, the
considerable amount of illegal logging and damages due to fires, insects, pollution
and storms put a severe requirement on quality and quantity of information needed to
monitor the status of boreal forests.

Traditional forest survey methods can be considered reasonable when dealing with
local investigations, which aim at an accurate estimation of forest properties, or with
regional studies, finalized to provide a long lasting “picture” of the forest status.
Taking into account the remoteness of most forests in the boreal belt and the
continuous changes they are undergoing, traditional approaches are not satisfactory
for the present requirements of large-scale forest mapping and periodic update of
inventoried data. Ground-based surveys are too expensive, time consuming and
restricted to too few and too small areas. Much effort has been recently put in
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research and development of alternative sources of information, which should a)
provide a global view of the whole boreal area, b) have high temporal resolution, c)
provide reliable, consistent and accurate estimates of forest parameters.

Remote sensing, and in particular spaceborne remote sensing, certainly satisfies the
first two points. The sensors carried onboard by the currently orbiting satellites
provide full coverage of the globe, imaging areas of the order of several thousands of
square kilometres. Typically the revisit period over an area is between a few days up
to one or two months. However, at northern latitudes the amount of imagery obtained
by optical sensors is severely limited for long periods of the year because of cloud
cover, fog, mist, or darkness. To overcome these problems sensors active at
wavelengths longer than the atmospheric elements size, such as radar, are needed.
Radar is not sensitive to the fine elements that form clouds and fog, and does not
depend on solar illumination; therefore, it can always provide an image, thus being
suitable for observations in the boreal zone.

1.1 ERS and JERS mission

The main problem that limits the use of real aperture radar on flying platforms is the
low spatial resolution in the along-track direction (see Chapter 2). Since this
resolution is directly proportional to the distance between the sensor and the target,
imagery acquired by spaceborne radar is characterised by an along-track resolution
of the order of a few kilometres. Using the thousands of echoes scattered back by an
object, synthetic aperture radar (SAR) improves the resolution, which is typically set
below 10 m. It is not the intention of this thesis to provide a detailed description of
all airborne and spaceborne SAR systems that have flown or are currently operating.
This thesis focuses on applications based on imagery acquired by the SAR systems
onboard the ERS and the JERS satellites; therefore, only for these two missions a
description is reported. Table 1.1 summarises the principal aspects of both missions
and illustrates some technical details of the SAR onboard the satellites.

The European Remote Sensing, ERS, mission consists of two satellites (ERS-1 and
ERS-2) launched by the European Space Agency (ESA) in 1991 and 1995
respectively. Since ERS-2 was planned to give continuity to the data provided by
ERS-1, the same orbit and the same design of the SAR system of ERS-1 were used
for ERS-2. The ERS-1 mission ended in March 2000 whilst ERS-2 is still operating.
Both satellites fly along a sun-synchronous orbit at 785 km altitude and complete a
full coverage of the Earth in 35 days. For ERS-1 other repeat-pass cycles were used
at the beginning of the mission for specific investigations (3 and 167 days). Between
1995 and 2000, the two satellites operated in the so-called “tandem” mode, during
which the temporal interval between two acquisitions over an area was as short as
one day. The satellites carry a side-looking antenna, with an incidence angle of 23° at
mid-swath, active at C-band (5.7 cm, 5.3 GHz), sending and receiving vertically
polarised waves (VV polarisation) and having a 100 km wide swath.

The Japanese Earth Resource Satellite JERS-1 was launched in 1992 by the National
Space Development Agency (NASDA). The JERS-1 mission lasted more than six
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years, until October 1998. The satellite flew at a height of 568 km with a repeat-pass
cycle of 44 days. JERS-1 carried onboard an L-band (23.5 cm, 1.25 GHz) SAR
system, which sent and received horizontally polarised waves (HH polarisation). The
radar worked at a nominal incidence angle of 35° at mid-swath, illuminating a swath
of approximately 75 km. Commonly, the JERS-1 mission is referred in the literature
simply as JERS. Following this “tradition”, the shorter acronym will be used in the
thesis.

1.2 Radar remote sensing of boreal forests

The first investigations of SAR imagery in forested areas aimed at understanding
which factors govern the signal scattered back towards the radar (HENDERSON &
LEwis, 1998). Using experimental data and simulations based on behavioural
models, the electromagnetic field received by the radar from a given forest was
found to be dependent on frequency, polarisation and incidence angle. In particular,
for increasing wavelength, the penetration of the electromagnetic wave into the forest
canopy increases. At high frequencies (X- and C-band) the main interaction of the
wave occurs within the canopy and the power scattered back to the radar (the
“backscatter”) is primarily dependent on the properties of small branches, needles
and twigs in the tree crown. At low frequencies (L- and P-band, and VHF) the
microwaves are returned from large branches and stems, thus carrying information
about parameters of major relevance in forest inventory (i.e. the trunk diameter, the
volume of the tree trunks, the aboveground biomass, etc.).

In boreal forests, as well as in other types of forests, the correlation of X- and C-band
backscatter with forest parameters has been shown to be small because of the shorter
penetration of the waves through the forest canopy. The radar signal already saturates
in sparse forests, thus explaining the poor results obtained when inverting the
backscatter to estimate forest parameters. In multi-frequency investigations,
substantially better results have been obtained at L- and P-band. The sensitivity of
the L-band backscatter to forest attributes was higher than at C-band but still lower
than at P-band, which made several authors conclude that P-band is most suitable for
the estimation of forest parameters (DOBSON et al., 1992; LE TOAN et al., 1992;
BEAUDOIN et al., 1994; ISRAELSSON et al., 1994; RANSON & SUN, 1994; RAUSTE et
al., 1994; RIGNOT et al., 1994; DOBSON et al., 1995; IMHOFF, 1995; RANSON et al.,
1997). An even stronger correlation to forest parameters has been found at VHF and
virtually no saturation of the signal has been measured. For retrieval of biomass in
dense forests the VHF band seems to be optimal. Nevertheless, in sparse forests the
backscatter is close to the noise level, thus decreasing the total retrieval accuracy
(FRANSSON et al., 2000; SMITH & ULANDER, 2000).

Because of interferences with other microwave sources at P-band and absorption of
VHF signals in the ionosphere, the lowest frequency used for spaceborne SAR
systems has been L-band. Referring in particular to boreal forests, C-band ERS SAR
backscatter was shown to provide interesting information for forest/non-forest
mapping and regeneration analysis (KASISCHKE et al., 1994), but it seemed almost
useless for the estimation of biophysical parameters because of saturation of the
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signal already at low biomass levels (PULLIAINEN et al., 1996). L-band JERS
backscatter has been considered more promising. Results indicated a clear
relationship between backscatter and forest attributes, but yet inversion of remote
sensing data and retrieval of the forest attributes were characterised by large errors in
dense forests (HARRELL ef al., 1995; FRANSSON & ISRAELSSON, 1999; KURVONEN et
al., 1999; PULLIAINEN et al., 1999; HYYPPA et al., 2000).

1.3 SAR interferometry in boreal forests

Graham (GRAHAM, 1974) first showed that two SAR images acquired from slightly
different positions can be combined to determine an image (the “interferogram”),
which is directly related to the topography of the imaged area. This technique, called
SAR interferometry (InSAR), has been initially investigated in airborne campaigns
(ZEBKER & GOLDSTEIN, 1986; ZEBKER et al., 1992), during the SIR-B (GABRIEL &
GOLDSTEIN, 1988) and the Seasat (ZEBKER & VILLASENOR, 1992) missions, reaching
its full maturity during the ERS mission.

ERS SAR interferometry has allowed the determination of the Earth topography with
high accuracy and resolution (BAMLER & HARTL, 1998; MASSONNET & FEIGL,
1998). The strong sensitivity of the interferometric phase to the ground topography
has been exploited for the generation of Digital Elevation Models (DEMs) (PRATI et
al., 1992; ZEBKER et al., 1994b; RUFINO et al., 1998; SANSOSTI et al., 1999) and the
detection of surface movements due to earthquakes (MASSONNET et al., 1993;
ZEBKER et al., 1994a), elastic properties of land fast ice and ice sheet motion
(GOLDSTEIN et al., 1993; DAMMERT et al., 1998), and subsidence (FERRETTI et al.,
2000). The little penetration of C-band waves through forest canopies has suggested
the use of ERS interferometry for the determination of the additional “topography”
introduced by forests in SAR images. Several studies have highlighted the possibility
to obtain an insight on the scattering mechanisms within a forest at C-band and to
determine an estimate of the tree height, which was in several investigations in good
agreement with the ground-truth data in boreal (DAMMERT ef al., 1995; HAGBERG et
al., 1995; DAMMERT & ASKNE, 1998) as well as in temperate and tropical forest
(FLOURY et al., 1996b).

Since the two ERS images combined with the interferometric technique are acquired
at different times, the interferogram is influenced by the temporal stability of the
objects in the scene. This particular feature has suggested the use of ERS SAR
interferometry for land-cover classification and forestry applications (ASKNE &
HAGBERG, 1993; WEGMULLER & WERNER, 1995). The short repeat-pass between the
acquisitions was found to be of extreme importance for the information content of
the interferogram in forested areas. In boreal forests pairs formed by images acquired
with a temporal baseline longer than one week showed increasing noise (SMITH et
al., 1996). Pairs with a temporal interval between acquisitions of at least the 35-days
repeat-pass cycle appeared as totally decorrelated. Nevertheless cases of long-term
pairs were shown to be useful for forestry applications even if the two acquisitions
had been taken with more than one month of difference in temperate (FLOURY et al.,
1996a) and in tropical forests (RIBBES et al., 1997).
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Compared to the ERS backscatter, the amplitude of the interferogram (the
“coherence”) has been showed to be more sensitive to forest properties (ASKNE et al.,
1995; BEAUDOIN et al., 1996; FLOURY, et al., 1996b; SMITH, et al., 1996; ASKNE et
al., 1997a; ASKNE et al., 1997b; RIBBES, et al., 1997; CASTEL et al., 2000; HYYPPA,
et al., 2000). In boreal forests coherence has been investigated for several monitoring
applications such as forest mapping (ENGDAHL & HYYPPA, 1997; STROZZI et al.,
2000), identification of clear-cut areas (SMITH & ASKNE, 2001) and retrieval of
biophysical quantities (SMITH et al., 1998; HYYPPA, et al., 2000; FRANSSON et al.,
2001).

Although the JERS mission was not conceived for interferometric applications, it has
been shown that SAR interferometry is feasible for topographic mapping (ROSSI et
al., 1996). For forest monitoring, too few have been the studies. The potential of
JERS repeat-pass coherence has been investigated in tropical forests by (LUCKMAN
et al., 2000), whereas in boreal forests an initial investigation has been carried out in
(ASKNE et al., 1999).

Mission ERS-1/2 JERS-1

1991 — 2000 (ERS-1)

Duration 1995 — (ERS-2) 1992 — 1998
Height 785 km 568 km
35 days (nominal)
Repeat-pass cycle ? 6d7a¥12§iscfg§ Eiliseii)c phase) 44 days
1 day (“tandem” mission)
SAR frequency C-band (5.3 GHz, 5.7 cm)  L-Band (1.25 GHz, 23.5 cm)
Incidence angle 23° 35°
Swath width 100 km 75 km
Spatial resolution 30x30m 18 x 18 m
Polarisation \'A% HH

Table 1.1. Main features of the ERS and JERS-1 missions.

1.4 Scope of the thesis

The promising results obtained with ERS SAR interferometry in boreal forests were
the trigger to further and deeper

o Understand which factors influence the interferometric signal,
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o Understand the effect of temporal and spatial variations of the interferometric
signal,

o Model the interferometric signal in terms of a few forest attributes,

o Investigate the potential of model-based approaches for the estimation of

biophysical parameters. In particular, the focus has been put on:
o Retrieval of stem volume using the coherence,

. Estimation of tree height using the interferometric phase.

Since an analysis of the two interferometric parameters could not be considered
independently of the underlying SAR signatures, these have been taken into account
as a support to the interpretation of the properties of coherence and InSAR phase.

Although for forest applications the results provided by the JERS L-band backscatter
have been promising, an answer had not been given to several questions, such as

. “Which applications are feasible with JERS backscatter in boreal forests?”

. “How strong is the effect of seasonal changes on the retrieval of biophysical
parameters?”

o “Does the retrieval of forest parameters perform equally throughout the

boreal zone?*

o “Can JERS interferometry provide substantial new information in boreal
forests?”

thus suggesting the investigations reported in this thesis.

All these points express the aim behind the work carried out: to increase the
knowledge on how the ERS and JERS SAR and SAR interferometry “see”
boreal forests and to provide methods and tools based on SAR and SAR
interferometry for boreal forest monitoring. The final goal would have been to
present an answer to the third question posed at the beginning of the Chapter: does
spaceborne repeat-pass SAR interferometry represent a source of information
from which reliable, consistent and accurate estimates of forest parameters can
be determined?

1.5 Outline of the thesis

At first a theoretical background on SAR interferometry and boreal forests is
provided (Chapters 2 and 3). It is well known that before proceeding with any
application that should make use of a set of measurements, it is essential to have an
exhaustive knowledge of the measurements properties. Chapter 4 deals with this
issue, focusing on the factors that affect the ERS and JERS backscatter and
coherence in boreal forests. In particular, the effects on the remote sensing signatures



1. Introduction

due to the SAR system, the environmental conditions and the type of forest are
illustrated. The conclusions reported in this Chapter are of fundamental importance
for the evaluation of the results presented in the remaining Chapters.

A key-point in this thesis is the definition and the use of simple and straightforward
models that relate the SAR and the InSAR signatures to few forest attributes. The
Water Cloud Model (WCM) (ATTEMA & ULABY, 1978) and the Interferometric
Water Cloud Model IWCM) (ASKNE, et al., 1995; ASKNE, et al., 1997b) are used to
describe the total forest backscatter and coherence respectively, as function of stem
volume. Chapter 5 illustrates the theoretical aspects of both models, whereas Chapter
6 presents results of model fitting to sets of backscatter, coherence and stem volume
measurements.

Once the models have been fitted to reference SAR and InSAR data from well-
known forest areas, they can be either used to predict values of SAR and InSAR
signatures for a given forest or inverted to estimate forest parameters. Chapter 7
illustrates the stem volume retrieval procedure from measurements of backscatter
and coherence at mensuration scales typical of boreal forests. Chapter 8 analyses the
estimation of tree height using interferometric phase measurements. This Chapter
discusses the properties of the interferometric phase in boreal forests, the
disturbances due to atmospheric artefacts, their reduction and the potential for tree
height retrieval using the Interferometric Water Cloud Model.

The results obtained are discussed within each Chapter and then summarised in
Chapter 9, which consists of an overall conclusion and a future outlook, concerning
unsolved problems, topics that need further investigation and scenarios of possible
research.






Chapter 2

InSAR theory

This Chapter provides a comprehensive background on SAR and SAR interferometry
to enable a clear understanding of the results presented in this thesis. An overview of
a SAR system is given in Section 2.1, whereas a summary of radar scattering
properties and mechanisms is included in Section 2.2. SAR interferometry is defined
in Section 2.3. An important point in SAR interferometry is image processing, which
is thoroughly presented and analysed in Section 2.4. The two outputs of SAR
interferometry, the coherence and the interferometric phase, are described in Section
2.5. This last Section is extremely important for a full understanding of the chapters
dealing with SAR interferometric applications in forests.

2.1 SAR system overview

An imaging real aperture radar is an active sensor mounted on a flying platform, such
as an airplane or a satellite. The system alternatively sends out a pulse and records
the echoes scattered back by the objects (called scatterers) seen by the radar. The
receiving circuits are equipped to measure the time delay between the transmission
of a pulse and the reception of the echo. This delay allows the distance to the
scatterers to be measured, which is then converted to obtain an image of the swath.
Pulses and echoes are characterised by several parameters: wavelength (or
frequency), polarisation, pulse repetition frequency, etc. These are chosen depending
on the purpose of the mission.

An imaging radar is arranged in a side-looking configuration. This improves the
ground range resolution and avoids saturation of the signal, which can arise if the
sensor is pointed straight down towards the ground surface. Independently of the
configuration, the problem with radar, in particular spaceborne radar, is the along-
track resolution, i.e. the resolution in the flight direction. The along-track resolution
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is inversely proportional to the length of the antenna and directly proportional to the
distance to the target. Since satellites cannot be equipped with very long antennas,
the along-track resolution of a spaceborne radar image is extremely poor. Hence, an
imaging real aperture radar does not have any application in space.

The along-track resolution can be tremendously improved when the echoes pulsed
back by a scatterer towards the antenna are coherently summed together. In this way
a long aperture antenna is synthesised, thus increasing the along-track resolution.
This is the principle on which SAR is based. Compared to real aperture radar, the
generation of SAR imagery is much more complex as many echoes from the same
resolution cell have to be treated simultaneously. For each cell the time delay
information and the Doppler history are required, as well as orbital information. This
implies a heavy computational demand on the processing from raw data to a focused
SAR image.

2.2 Radar scattering

Let us consider an object illuminated by an electromagnetic pulse transmitted by a
radar. The signal scattered back to the sensor is a complex quantity, characterised by
amplitude and phase. The amplitude expresses the strength of the scattering in the
direction of the radar. Shape, orientation with respect to the line of sight of the radar
and dielectric properties of the object determine the power scattered back. The phase
is related to the two-way path length between the satellite and the scatterer.

The total power scattered back from an object is given by the radar equation:

p =104 2.1)

Ty

in which the received power, P,, is expressed as a function of the transmitted power,
P, the distance between the radar and the target, R, the antenna gain, G, the antenna
effective area, 4., and the radar cross section (RCS) of the object, 0. Given a radar
system, the received power depends on the radar cross section of the object. The
radar cross section is the most important scattering property of an object and it is
theoretically defined for point targets only. When dealing with distributed targets, the

radar cross section is replaced by the backscatter coefficient, ¢, which is defined as
the radar cross section per unit area.

Depending on the target and the radar frequency, two scattering mechanisms can
arise: surface and volume scattering. Surface scattering occurs for objects that do not
allow the electromagnetic wave to penetrate its surface. In other words, the scattering
from layers below the surface is negligible. When the wave hits the target, part of it
is directly reflected at the air-target interface and the rest is strongly absorbed inside
the medium, making the scattering from the volume negligible. The amplitude of the
signal registered by the radar depends on the radiation pattern of the object. Surface
scattering is common in built-up areas, for bare soils and water areas, and can be

10



2. InSAR theory

considered the dominant mechanism in forested areas and snow packs at very high
frequencies. Volume scattering takes place when the radar pulse gets transmitted
through the target. The total signal echoed back to the radar comes from the volume
below the surface. In media such as forests and snow layers, the percentage of power
scattered from within the volume increases for decreasing radar frequency.

At the frequencies typically used for spaceborne SAR missions, there are generally
hundreds of simple objects in an area of the size of a resolution cell. Each scatterer
contributes with amplitude (4;) and phase (¢;). The signal scattered back to the radar
is a coherent sum of the single scatterers contributions; therefore, it does not simply
resemble the total scattering strength but it is related to the positions of the scatterers
within the cell.

Ae’ =) Ae’” (2.2)
i=1

The phase in a cell has a deterministic contribution due to the two-way path of the
wave, and a totally random internal contribution. If the slant range distance is R and
the wavelength is 4, the phase is given by:

4

Y= 7R + Dscatter (23)

where @s.quer includes phase effects due to the scatterers in the resolution cell. Path
delays due to water vapour in the troposphere or clouds of electrons in the
ionosphere cause phase shifts as well. However, because of the small size of the
resolution cell with respect to the spatial variability of these effects, the atmospheric
artefacts can be considered uniform within the cell.

Since the wavelength is generally much smaller than the size of the resolution cell,
the total phase can have any value. This effect is known as speckle. Speckle shows as
salt and pepper noise in the amplitude image and as pure noise in the phase image.
Nevertheless, it is important to notice that speckle is not noise in the traditional
meaning, i.e. something that does not contain any information about the observed
scene. Speckle is an effect inherent to the scattering process and reflects properties of
the imaged scene.

To reduce speckle effects, post-processing of SAR imagery is needed. The retrieval
of the underlying RCS for a point target or the backscattered power for a distributed
target can be performed either in the space or in the time domain. Spatial averaging
is by far the simplest method, although it implies a loss in resolution, which depends
on the number of pixels used. If the average is performed on L pixels, we speak of a
L-look intensity image. The advantage of using an L-look image is the smaller
variance in the measured intensity and the reduced memory needed for storing the
image.

11
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To keep the spatial resolution unchanged spatial and temporal filtering are used.
Spatial filtering is adopted either to smoothen the image (LEE, 1981; FROST et al.,
1982), or to make edges and features more evident. In this case filtering algorithms
are developed for the specific application (LOPES et al., 1990; LOPES et al., 1993;
DEKKER, 1998). Temporal filtering can be performed if several images of an area are
available. Temporal filtering does not alter the resolution (BRUNIQUEL & LOPES,
1997; QUEGAN et al., 2000) but it is not suitable if there have been changes in the
scattering, due for example to weather effects.

The coefficient commonly used to quantify the influence of speckle on the measured
backscatter is the equivalent number of looks (ENL), defined as the ratio between the
squared mean and the variance of the intensity for homogeneous surfaces without
texture (OLIVER & QUEGAN, 1998). The ENL is equivalent to the independent
number of intensity values averaged per pixel and is for example used to evaluate the
smoothening effect of a speckle filter in comparison to the original data. A good
filter should strongly increase the ENL.

2.3 SAR interferometry

In a SAR interferometric system two antennas observe an area from slightly different
positions, the distance between them being referred to as the baseline (Figure 2.1).
The component of the baseline in the along-track direction is generally negligible
with respect to the across-track projection. In a Cartesian coordinate system on the
across-track plane, this projection is commonly split in two components, respectively
along the line of sight (so called parallel component of the baseline, B,) and the
direction perpendicular to it (so called perpendicular or normal component of the
baseline, B,). When it is clear that the normal component of the baseline is referred
to in the discussion, simply the term “baseline” will be used.

QAR e, » x/,,‘*

AN //
B
Bp \/ n

Ground surface

Figure 2.1. InSAR system geometry. SAR 1 and SAR 2 represent the two acquiring
antennas, and 0 is the incidence angle. In the zoomed part the baseline is
represented by the two components in the direction parallel to the line of sight, B,
and perpendicular to it, B,.

12



2. InSAR theory

Looking at SAR interferometry as a system (HAGBERG et al, 1995), two SAR
images, which express the ground reflectivity function of the scene, are processed to
produce as output an interferogram. The interferogram is obtained from the
Hermitian product of the two original complex SAR images, thus being a complex
image as well. Given a pixel in the first SAR image, g;;, and the complex conjugate
of the corresponding pixel in the second SAR image, g, the pixel in the
interferogram can be written as:

*

/'4”R ],47[R
_ * —J P _‘7 Li —Jj2; _‘7 2.0 _
§; =882, =| ¢4,€ € a, e e =

'y

g
:(al,l.azjl.)e"mp"e . (2.4)

In Equation (2.4) the complex SAR pixels in the two images are written in terms of
their amplitude, a;; and a;;, and their phase. The recorded phase is a sum of the
phase components related to the two-way travelling path (R;; and R;; are the slant
range distances from the antenna to the pixel) and the specific target, ¢;; and ¢;;. In
Equation (2.4) the amplitude of the interferogram is given by the product of the two
SAR amplitudes. The phase is related to the difference of phase contributions within
the pixel, A¢g;, and to the two-way path difference, i.e. the parallel component of the
baseline, B,,;. Although the phase is totally random in both SAR images, the phase
difference is not because the random effects are cancelled out.

If the two SAR images are acquired simultaneously by two antennas we speak of
single-pass interferometry. This configuration is considered mostly for airborne
campaigns, but has been used during the Shuttle Radar Topography Mission (SRTM)
as well. We speak instead of repeat-pass interferometry when the two images are
acquired at different times. Repeat-pass interferometry is typical of spaceborne
satellite systems, for which a simultaneous acquisition of two images has not been
possible yet.

2.4 InSAR processing

The generation of an interferogram from two SAR images is divided in several
processing steps. These can be grouped into three major blocks, which will be
described in the following sub-sections:

1. Pre-processing (co-registration, band filtering).
2. Interferogram generation (InSAR estimation).

3. Post-processing (noise filtering, geocoding).

13
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2.4.1 Pre-processing

The two SAR images do not usually overlap so that co-registration of one of them is
needed in order to superimpose it on the other. Since all the information in the image
to be resampled, in particular the phase, should be preserved, the accuracy in the co-
registering operations must be exceptional. The misregistration error must be limited
to few hundredths of a pixel, which requires complex interpolation filters.
Theoretically one should use an ideal interpolator with a flat spectrum, i.e. an infinite
sinc function. This is not possible because filters only have a finite length;
nevertheless, as most of the SAR products are oversampled, the use of finite filters
will not cause a loss of information (DAMMERT, 1996b).

The slightly different viewing positions cause loss of information in the
interferogram; therefore pre-filtering is needed. If the SAR antennas have different
squint angles at acquisition, the two images have a slight difference in the azimuth
spectra. The shift between the two spectra is due to a Doppler centroid not equal to
zero frequency. This is the case of ERS-1/2 pairs for example. To remove this effect,
azimuth bandpass filtering is generally performed. At first the Doppler centroid
frequency is estimated and then the bandpass filter is applied to fit the Doppler
centroid (SCHWABISCH & GEUDTNER, 1995). When the baseline is not null, the slant
range spectra of two images do not overlap completely so that the non-common parts
in the slant range spectra must be filtered out. The filtering procedure, called
wavenumber shift filtering, consists of several operations and requires accurate
baseline estimation from orbital parameters and slope estimation (GATELLI et al.,
1994).

2.4.2 InSAR estimation

The generation of an interferogram according to Equation (2.4) is not feasible as it is.
In practise an interferogram is computed using an ensemble average. The complex
coherence, y, which corresponds to s; in (2.4), has been defined in (BORN & WOLF,
1980) as follows:

" el ) el

In (2.5) g; and g, denote the two complex SAR images and E{ } represents the
expected value. The magnitude and the phase of the complex interferogram are
generally referred to as the coherence and the interferometric or InSAR phase
respectively.

The coherence measures the degree of correlation between the two SAR images. In a
repeat-pass configuration it can be as well said that it measures the temporal stability
of the imaged scene. This definition, intuitively simple, will become clear in Section
2.5.1. The InSAR phase is related to the two-way path length difference and the
scattering media. The coherence is a normalised quantity with values between 0 and

14



2. InSAR theory

1. When the coherence is close to zero, total decorrelation has occurred. The phase
image appears in a series of fringes and has values between 0 and 2.

To compute the expected value in (2.5) the ensemble average has to be replaced by
spatial averaging within a two-dimensional window. According to the principle that
an estimate becomes more accurate for increasing number of samples, larger window
should be preferred. The true coherence would be obtained in case of an infinite
window size. In reality we can obtain only estimates of InNSAR phase and coherence,
which are therefore affected by bias and errors. Below an overview of the estimators
used is reported (for an exhaustive description and technical details see (DAMMERT,
1996a)).

2.4.2.1 Coherence estimation

If a Maximum Likelihood, ML, estimation is performed, the coherence can be
written as:

N
*
Zgl,igZ,i
i=1

=i (2.6)
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where N is the number of pixels in the estimation window. The estimate shows
decreasing bias and uncertainty for increasing window size, i.e. number of
independent looks; only for asymptotically large data sets the estimate is unbiased
(DAMMERT, 1996a; DAMMERT, 1996b; ToUZI et al., 1999).

The number of independent looks represents the number of independent samples in
the coherence estimation window. The computation of this coefficient is not
straightforward and needs knowledge of several SAR parameters. As rule of thumb
the following Equation relating it to the number of looks can be used (DAMMERT,
1999):

L~ 1+LT‘1 2.7)

Equation (2.6) is valid under the assumption that the ground does not induce a phase,
1.e. for flat ground. Since the topography is rarely flat, the modified ML estimator
with a topography-induced phase is preferable:

N
*  —Jo
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(2.8)
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where e/”is a correction term related to the local topography. When a DEM is
available, it is possible to get to an accurate estimate of the coherence. Otherwise the
correcting term can be approximated by constant, linear, quadratic or higher order
functions over the estimation window. Depending on the chosen slope function, the
correction changes the statistics of the estimator and influences the accuracy of the

coherence estimates.

If a linear function is assumed, the estimator becomes (DAMMERT, 1996a):

N
zgl,igZ,ie

i=1
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(2.9)

where ¢ /" denotes the ground topography correction factor. In Equation (2.9) the
numerator can be seen as a Fourier kernel, therefore the coherence corresponds to the

highest peak in the FFT spectrum. Compared to the previous estimators, |7, | is

characterised by higher bias and longer error bars for low coherence (DAMMERT,
1996a; SANTORO et al., 2000).

As a compromise between an accurate estimation and high spatial resolution,
estimation algorithms with adaptive window size have been designed. The whole
processing is divided in two steps. At first, a fixed and relatively small window size
is used to give a rough estimate of the coherence level. Then the estimation is
performed again with a window size that depends on the initial estimate of the
coherence. In areas of low coherence, larger estimation windows are used
(WEGMULLER ef al., 1998). Similar results have been obtained when computing the
coherence according to Equation (2.8) and the adaptive estimation at the test site of
Kittbole (see Chapter 3 for the description of the test site).

2.4.2.2 Phase estimation

The ML phase estimate, ¢, is simply the argument of the complex coherence
estimate (SEYMOUR & CUMMING, 1994):

N
¢ = arg(z gl,fgz,,-j (2.10)

i=1

The phase estimates are wrapped in the [0, 2x[ interval. As a consequence, for low
coherence the mean of the estimate is biased because the variance of the estimate
violates the Cramer-Rao lower bound (RODRIGUEZ & MARTIN, 1992; DAMMERT,
1999). To solve the problem the phase needs to be unwrapped. Phase unwrapping
requires the knowledge of height for several points within the imaged area and is
affected by errors in low coherent areas. If phase unwrapping is difficult, the phase
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of the mean complex ML coherence can be computed instead of the mean of the
phase. The bias is removed but phase unwrapping still needs to be performed.

2.4.3 Post-processing

Bias reduction is essential in areas of low coherence. Knowing the statistics of the
estimator used, it is possible to reduce the uncertainty in the estimate due to the bias
(DAMMERT, 1999; Touzi, et al., 1999). It is important to notice that, because of the
uncertainty inherent in low coherence measurements, the corrected coherence does
not coincide with the true value yet.

To increase the quality of coherence images, noise filtering is recommended. Simple
mean or median filters can be used, with a window size fixed by the statistics of the
estimator and the local variance in the window. The window size should be increased
until the variance in the window is larger than the theoretical one (DAMMERT, 1999).
Nevertheless, in order to keep the resolution at a reasonable level, sizes of the order
of the estimation window can be used as well.

In a SAR image, each scattering cell is geometrically located with respect to the
satellite position and velocity vectors and arranged in the across-along track
geometry (so called Range-Doppler geometry). Commonly SAR and InSAR images
need to be compared with digital maps in a given projection; therefore, it is necessary
to perform a coordinate transformation. If the slope and the height information
included in a Digital Elevation Model, DEM, are taken into account, the
transformation is called geocoding. This operation is generally performed by means
of a least-squares tiepoint fit between the SAR image and the simulated SAR image
obtained from the DEM. The accuracy of satellite state position vectors and relative
heights reported in the DEM determines the precision of a geocoded image.

Compared to the ERS mission, JERS-1 tracking was less accurate. JERS geocoded
products are therefore affected by bigger positioning errors. In (SANTORO et al.,
2002b) a set of 18 ERS images was geocoded using the DIAPASON software by
CNES. The relative positioning error was estimated to be one pixel (i.e. 25 m) in
both directions. The same procedure was applied on a set of nine JERS images from
the same area in (SANTORO ef al., 2002a). An absolute positioning error above one
pixel was estimated and several warping effects could be easily noticed. Overlap of
the geocoded images could be obtained only after co-registration using an additional
set formed by many tiepoints.

2.5 Coherence and interferometric phase

Independently of how the estimation has been performed, for the repeat-pass
configuration the normal component of the baseline and the temporal interval
between acquisitions are the main factors that affect the quality of an interferogram.
The distance between the antennas can be increased until a certain limit, for which

complete decorrelation occurs and the interferometric fringes disappear. The critical
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value for the perpendicular component of the baseline can be written as (GOLDSTEIN
et al., 1988):

RA

B <—— (2.11)
2L, cos@

where R represents the slant range distance, A the wavelength, L. the size of the
resolution cell and @ the incidence angle. For most applications it is recommended to
combine images with a normal component of the baseline well below the critical
value reported in Equation (2.11). The ERS critical value is approximately 1100 m.
Nevertheless, pairs with normal component of the baseline longer than 600 m are
generally discarded. Because of the longer wavelength and the shallower incidence
angle, the JERS critical baseline is longer than the ERS, being approximately 4 km.
For topographic applications (ROsSI et al., 1996) has suggested that even for a
baseline of 5 km fringes can still be visible, whilst in (WIESMANN et al., 1999) an
upper bound of less than about 2 km is suggested for applications in low coherent
areas, such as forests.

Between the two acquisitions, the scatterers in a resolution cell may move or their
dielectric properties may change. Typical examples include water areas and tree
canopies in the first case, and snow covered or wet surfaces in the second. In such
cases, the two backscattered fields differ, thus being only partially correlated because
of the temporal interval between the acquisitions. Taking into account that the
number of scatterers in a resolution cell decreases for increasing wavelength and that
the phase sensitivity to movements is lower at lower frequency, the temporal effects
are stronger at C-band than at L-band.

2.5.1 Coherence

Based on (ZEBKER & VILLASENOR, 1992; ULANDER & HAGBERG, 1995), the
coherence can be expressed as a product of five terms. Each term is related to a
decorrelation source: the quality of the SAR processors used, the thermal noise in the
receiver, the non-overlapping spectra in the along track direction, the baseline and
the time interval between image acquisition. Therefore, coherence can be written as:

W ooise 1 (2.12)

azimuth ) |7/ spatial ) |j/

=lr

processor noise temporal

The first two terms are independent of the viewed scene; the third and the fourth are
related both to the scene and to the system; the last depends mostly on the target.

SAR processing techniques preserve the coherence so that |}/ can be

processor

considered negligible. Negligible is also the noise decorrelation term

7/|noise ’ Caused

by thermal noise in the receiver, as long as the target clutter to noise ratio is high
(DAMMERT, 1996b). Since orbits do not have perfectly parallel orbits, the term

|7/ includes the decorrelation due to a slight difference in the azimuth spectra of

azimuth
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the two SAR images. This decorrelation factor becomes negligible after azimuth
band-pass filtering.

The spatial term |;/|Spmm is strongly influenced by the normal component of the

l

baseline, increasing for increasing baselines. By using the wavenumber shift filter, it
is possible to reduce the effect of this term. Nevertheless, the problem persists if the
normal to the surface plane has an azimuth component or there is volume scattering
(DAMMERT, 1996b). According to (ASKNE et al., 1997), in case of volume scattering
the spatial decorrelation term can be split into two contributions under the
assumption that the stable scattering function is only dependent on the height above
the surface:

|]/ spatial = |7/ slant—range 1’ volume (213)

In Equation (2.13) the first term can be removed using the wavenumber shift
technique as already mentioned, so that the spatial decorrelation can be interpreted

simply in terms of volume decorrelation, |y

volume

The temporal decorrelation factor |7/ depends on changes occurring within the

temporal
scene between the passes, i.e. if there has been a change of the ground reflectivity
function. Several factors generally combine in determining the temporal
decorrelation. A change in the geometry of the scatterers such as a change of
position, shape, etc., is most likely to have the strongest effect on the short time scale
(ZEBKER & VILLASENOR, 1992; CORR et al., 1995; SMITH et al., 1996; GAVEAU,
2002). These factors become even more important when the images in a pair have
been acquired with an interval of several days or even several years. Changes in the
dielectric properties of the imaged scene, mainly related to change in water content
of the target, have more effect in pairs with long-time acquisition interval. However,
it is not possible to conclude simply that the longer the time interval between
acquisitions, the higher the temporal decorrelation (SMITH, et al., 1996; USAl &
KLEES, 1999).

With volume and temporal decorrelation as the only factors, coherence can be
considered as the product of two terms:

=171 e 7 omporar (2.14)

From Equation (2.14) it is evident that the coherence depends mainly on the imaged
scene and only for long baselines and long radar wavelength on the InSAR system.

For forests, which are characterised by non-negligible volume decorrelation, both
terms in Equation (2.14) should depend on the frequency. At lower frequencies (L-
and P-band) the larger penetration of the wave within the media implies that the
scattering comes from more stable elements. The backscatter is mainly due to twigs
and leaves at C-band, and to branches at L-band. Since a resolution cell can contain
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only few branches, which moreover are likely to remain in the same position, the
temporal decorrelation will be higher at C-band. At C-band in fact the larger amount
of scatterers and their high probability of moving within the resolution cell will cause
a remarkably higher volumetric and temporal decorrelation. Unfortunately the ERS
and JERS images do not allow a comparison because of the different repeat-pass
period and viewing geometry.

2.5.2 Interferometric phase

The interferometric phase image comes out in a series of fringes obtained from the
interference of the two SAR images. The visibility of the fringes is a function of the
coherence. The lower the coherence, the larger the uncertainty in the phase estimates.
Hence, the information provided by the phase over forests and water areas, where
coherence is lowest, is more limited than in high-coherent areas such as cities or bare
soils. The noise in the phase estimates can be expressed as (DANDLIKER, 1980):

oL A=l 2.15)
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where L;,,; represents the number of independent looks and |7/| is the true coherence.

As shown in (BAMLER & JUST, 1993; JOUGHIN & WINEBRENNER, 1994; ZEBKER et
al., 1994), the accuracy of the phase estimates increases for increasing coherence and
multi-looking factor. This implies that reduction of phase noise in low-coherent
areas, such as forests, requires strong multi-looking factors, having as drawback, a
decrease of spatial resolution.

Starting from Equation (2.4), it is possible to determine the variation of the
interferometric phase between two points, by means of differentiation:

47

noise

where A6 s the difference in incidence angle and the A® term is related to

thermal noise, to the physical nature of the targets and to the uncertainty in the
measured interferometric phase values. 46 can be expressed in terms of several
contributions: slant range and topographic differences, as well as possible
atmospheric inhomogeneities and terrain movements. The phase difference between
two pixels in an interferogram is finally given by:

AD=—Br ppy YBy AN FE A p A0
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The first term in Equation (2.17) includes the slant range difference between the
pixels, AR, and is therefore related to the InSAR system geometry. It appears as
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fringes in the across-track direction, which can be removed by applying “flat Earth
compensation”. This expression is easily explained because these are the only fringes
in an interferogram of a flat surface. The second term takes into account the
topography of the imaged area since it expresses a phase difference between two
points in terms of a difference in altitude, Az. These two terms, together with the
phase noise part, represent the contributions to the interferometric phase for static
conditions and without any wave perturbation. This is a rather ideal case; therefore,
Equation (2.17) includes two more contributions. Both appear in the repeat-pass case
only.

The third term is related to coherent changes in the imaged scene. Ground
movements between acquisitions, due for example to earthquakes, volcanic activity
or ground subsidence, result in a coherent displacement of all the scatterers within a
resolution cell. These coherent movements, expressed by A7, introduce a phase
difference, because the incidence angle has changed between acquisitions.

The fourth term expresses a phase difference due to different path delays in the
atmosphere. If the atmosphere has different spatial properties at the two acquisitions
(different electron density in the ionosphere, different water vapour content in the
troposphere), radar pulses will not be equally delayed. Different path delays, Ap, can
be seen as increase in slant range distances, thus causing the additional term. The
atmospheric contribution can severely decrease the quality of an interferogram. A
more detailed description on atmospheric artefacts, together with a summary on
filtering algorithms, can be found in Chapter 8.

The last term expresses the phase ambiguity because phase is measured between 0
and 21 only (phase unwrapping term). Unwrapping the phase values means adding a
correct multiple of 27 to the interferometric phase for each pixel. For the sake of the
discussion, we will not consider the phase unwrapping term in this section.

With accurate orbital data, the flat Earth term can be completely removed. When
these are not available, one can use blind estimates of the fringe frequency by finding
the peak of the complex interferogram power spectrum. In this case, the phase
difference includes residual uncompensated interferometric effects, which can
introduce relevant errors when inverting phase measurements (L1 & GOLDSTEIN,
1990; ZEBKER, et al, 1994). Assuming correct removal of the systematic
interferometric fringes and negligible effect of the atmosphere, Equation (2.17) can
be inverted and used for height maps generation or terrain displacement analysis.

If there have not been geodetic events between the two acquisitions, the phase
difference will be related only to topography and phase noise. The height resolution
increases for increasing baseline, so that long baseline interferometric pairs should be
preferred. Nevertheless, due to increasing speckle decorrelation, the perpendicular
component of the baseline should not exceed an “optimum” range of values,
generally estimated at around 200-300 m for the ERS case. For the JERS case,
volume decorrelation is less dangerous and longer baselines can be used. The
topographic accuracy depends on slopes as well. Simulations in (HAGBERG &
ULANDER, 1993) have shown that in the ERS case for steep slopes towards the radar
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the height estimation error increases for a perpendicular component of the baseline
above 150 m.

Depending on the frequency, the “topography” to which radar is sensitive changes.
For increasing frequency, the penetration of the electromagnetic wave in layered
media decreases. Forests, cultivated areas and snow packs therefore introduce an
additional topography that sums to the ground topography (DAMMERT et al., 1995;
ULANDER et al., 1995; GUNERIUSSEN et al., 1996). If the topography of the area is
known, for example through a DEM, the second term in Equation (2.17) can be
removed. In such case we speak of differential SAR interferometry, DInSAR
(GABRIEL et al., 1989). Besides the usual phase noise, the phase difference is related
to coherent movements of the ground and residual topography not included in the
DEM (due to forests or urban areas for example).
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Chapter 3

Boreal forests

This Chapter has been designed to give a general overview of the boreal zone in
Section 3.1 and a more detailed description of forests and forestry in the countries
where the test sites of interest were located (Sweden, Finland and Russia) in Section
3.2. Section 3.3 reports a description of each test site in terms of the main forest
attributes.

3.1 The boreal zone

The boreal zone stretches in northern hemisphere below the Arctic region along a
belt interrupted only by oceans. The southern border is generally considered to be
along the transition zone of the vegetation from the boreal cover type to the semi-
boreal.

Boreal forests cover almost the entire land surfaces in the northern hemisphere
between 70° N and 60° N, reaching 50° N in East Siberia and West Canada (Figure
3.1). The dominant species are coniferous, probably the most distinctive attribute of
boreal forests. At the lowest latitudes, coniferous and broadleaf trees form a mixed
type of forest, typical of the transition zone to a more temperate kind of vegetation.

Despite the common knowledge, the boreal region is far from being “just” a cold
area. Temperatures below 0 °C and snow cover are not the rule for the whole year.
Both along the North-South and the East-West direction the climate changes
considerably. Independently of the longitude, the temperatures are generally lower at
higher latitudes. Taking into account the Eurasian part only, a strong influence on the
climate is due to oceanic currents of the Gulf Stream. Sweden and, to a lesser extent,
Finland are characterised by rather mild winters and frequent precipitation. When
moving towards Western and Eastern Siberia, the climate becomes more continental.
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The monthly average winter temperatures decrease and the summer average increase.
Precipitation is mainly in the form of snowfall but is remarkably less frequent. As a
consequence the growing season for the vegetation is longer in Sweden and Finland,
although the growth rate per year is bigger in Siberia.

Bolshe-Murtinsky,
Russia

Kdttbole, Sweden Tuusula, Finland

Figure 3.1. Extent of boreal forest (HARE & RITCHIE, 1972) and location of the test
sites.

3.2 Principles of forest inventory

3.2.1 Sweden and Finland

The perception of forests in Sweden and Finland has greatly changed within the last
two centuries. The rural economy of the 19" century considered forests both as a
fundamental natural resource and a limit to agricultural production. Large vegetated
areas were felled and the extent of forested areas enormously decreased. The rather
uncontrolled use of forests started being regulated with laws in the last century.
Forest management, supported by the legislation, is nowadays carried out according
to long-term plans. Activities such as regeneration, periodical care (for example by
means of thinning), reduction of over-mature forests are common practise.

Today, more than 50 % of the land surface is covered with forests, of which
approximately 95% have been felled in the last 150 years. Forests are intensively and
carefully managed to preserve them at the best possible conditions for the
environment and for the users. For this purpose, accurate inventory and periodical
update of forest information system are carried out. Traditional forest inventory is
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3. Boreal forests

based on local surveys; several measurements are collected with sampling techniques
and accuracy that depend on the purpose of the survey. Diameter at breast height,
tree species, tree height, number of trunks, etc. are measured in unit reference areas
(plots). Parameters describing the soil are also measured (pH, type of soil, etc.).

#
weather
station

Figure 3.2. Example of stand-wise division of forests at the estate of Kdttbole,
Sweden, 5.5 km’ (courtesy of Johan Fransson) The grey areas represent forest stands
larger than 2 ha. The dark areas are lakes.

Forest mapping is commonly performed using stands, which are considered the
primary inventory unit (Figure 3.2). A stand consists of relatively homogeneous
forest in terms of tree cover and site conditions; however, stand boundaries can also
be defined by technical obstacles, such as rivers, steep slopes, etc. The stand as a unit
ranges from 0.5 ha to 20 ha and forest parameters can be collected using either
objective or subjective methods. Objective methods are based on randomly
distributed sample plots or relascope plots; subjective methods consider non-
randomly distributed plots or visual estimation.

The most common measure used in forest inventory is stem volume. It is measured in
m’/ha and represents the volume of tree trunks, including bark but excluding
branches and stumps. Stem volume increases for decreasing latitude. In regions by
the Arctic Circle, maximum values of 100-150 m’/ha are common. At 60° N, i.e. the
latitude of Stockholm and Helsinki, it is not rare to measure stem volume of 400
m’/ha or even above. Stem volume is generally used as a synonym for aboveground
dry biomass; in (HAME et al., 1992) it has been found that the dry aboveground
biomass measured in tons per hectare can be converted to stem volume using a
scaling factor of 0.6.

The computation of stem volume requires knowledge of diameter at breast height,

tree height, tree species distribution and density of trees per hectare. In several
forested areas located in Finland and Sweden, (ASKNE et al., 1997; SANTORO et al.,
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1999; SANTORO et al., 2002) proved that a simple regression equation describes the
relationship between stem volume and tree height reasonably well:

h=(aV) 3.1)

In these investigations the empirically derived coefficients @ and b were consistent,
which should be a sign of the similar forest properties in the two countries. Figure
3.3 reports a scatterplot of tree heights versus stem volumes measured at one of the
areas investigated and the regression curve obtained from Equation (3.1). The
coefficient of determination equal to 0.89 indicates that a simple regression equation
of the sort reported above can be used as alternative to allometric functions for the
estimation of stem volume directly from tree height measurements and vice versa.

30 . .

Tree height [m]

0 100 200 300 400 500
Stem volume [m3/ha]

Figure 3.3. Tree height versus stem volume measurements at plot level in Kdttbole,
Sweden (r = 0.91; coefficient of determination based on Equation (3.1) = 0.89).

3.2.2 Swedish National Forest Inventory

The Swedish National Forest Inventory (NFI) consists of a large database of forest
measurements at plot level. It started in 1923 with the aim of providing information
to forest users. In order to adapt to new conditions and to describe forest properties in
the most accurate way, the statistical design of sampling changed several times. In
1983 a last change was introduced; since then, forest planning has been carried out
following rules that are described in (RANNEBY ef al., 1987).
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The Swedish NFI statistical design is based on systematic cluster sampling, using
plots arranged in tracts. A tract is a square having side length from 300 m up to 1800
m. Tracts are permanent or temporary; the first are revisited after some years, whilst
the second are measured only once. A permanent tract commonly includes 8 plots
with a radius of 10 m, located on the tract’s perimeter. A temporary tract consists of
8 or 12 plots, with a radius of 7 m. Plots are positioned using differential GPS, with a
nominal accuracy of about 5 m. Tracts are uniformly distributed over Sweden; being
denser in the Southern regions. Measurements collected over several years
(commonly five years) are combined for a complete characterisation of forests at
county level. Sample measurements are aggregated to provide regional and national
estimates of forest and ecological parameters with errors depending on the sampling
technique used. For the 1983-1987 field survey, (L1 & RANNEBY, 1992) showed that
the accuracy of forest variables differs depending on the region and is related to the
interval of values considered.

3.2.3 Russia

Although the present conditions are rather similar, the evolution of Russian forests
has strongly depended on the location, mainly because of their large extent and the
different environmental conditions. In European Russia, after a long period of
massive logging, intensive afforestation and reduction of fires have increased the
forest cover. Despite the increased amount of wood, the quality has clearly
decreased. A similar problem occurs in Siberia and the Far East. The harsh
environmental conditions have limited the industrial and agricultural expansion so
that forests are closer to their natural state. Nevertheless, the limited management
and the increasing amount of fires and insect damages reduce the potential of these
forests for economic and environmental exploitation. Nowadays, about 45% of the
Russian Confederation is covered with forests, a high percentage of them being kept
at natural status and not extensively managed as in Sweden and Finland. The
management differs from region to region but it is common to skip the thinning
making the forest consist more of a mix between thin and thick trees with a lot of
undergrowth (FRANSSON, personal communication).

Russian forest inventory is either based on field measurements or on air-photo-
interpretation. In the first case forest attributes are updated once per year within
forest management units and then aggregated both at regional level (members of the
Russian Federation) and for Russia as a whole. The inventoried data and the results
of the aggregation are reported in the State Forest Account (SFA).

Each forest management unit in Russia is traditionally subdivided into forest
districts. Each district is subdivided into compartments, and each compartment into
evaluation strata. The evaluation strata correspond to stands in the Swedish and
Finnish system. Forest inventory consists of measurements of several attributes (age,
tree height, diameter at breast height, site class, increment, density, and layering) and
computation of the growing stock volume. The growing stock volume is defined as
the total volume of the trunks per hectare, thus being the same as stem volume.
According to forestry definitions, growing stock volume estimation does not take
into account stems having a diameter smaller than 8 cm. For the sake of clarity, from
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now onwards, the term “stem volume” will be used independently of the region
considered.

3.3 Test sites

The potential of SAR remote sensing for forestry applications was evaluated at stand
level at three test sites located in Sweden, Finland and Siberia, and plot-wise in a
large area in central Sweden. For this area, plot-wise measurements were also
aggregated to provide estimates at coarser resolution. All sites were located at the
southernmost edge of the boreal zone and stem volume locally reached values above
300 m’/ha. Topography was overall rather flat. To limit errors, the remote sensing
measurements at stand level required a statistically sufficient number of pixels for
averaging. Hence, only stands larger than a certain size were considered. As a
general rule, stands consisting of less than 20 pixels were discarded.

In the following subsections a brief description of each test site is reported. Tables
3.1 and 3.2 list respectively the main attributes of the forests and the radar data
available. Tables 3.3 and 3.4 give a synoptic view of acquisition date and weather
conditions at the ERS and JERS acquisition respectively. For the ERS “tandem”
pairs baselines are reported. Images were mainly acquired on a descending passes
(10 a.m. and 10:30 a.m. local time respectively in for the ERS and the JERS case). In
order to highlight which pairs have been acquired on an ascending pass (9 p.m. local
time), a flag has been added next to the acquisition date. Because of the size the four
tables have been included at the end of the Chapter. Table 3.5 below summarises the
InSAR-based applications analysed in this thesis.

Stem volume Tree height
C-band backscatter Katibole -
Tuusula
Kittbole
C-band coherence NFI area -
Tuusula
C-band InSAR phase - LIS
Tuusula
Kittbole
L-band backscatter Tuusula -
Bolshe-Murtinsky
L-band coherence Kattbole -

Table 3.5. Look-up table summarising which forest parameters were retrieved from
the SAR and InSAR images available.
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The images were all in Single Look Complex format (SLC). This type of imagery is
commonly used for SAR interferometry and is characterised by a calibration error of
1-2 dB; therefore, SLCs are not the most suitable product for investigating the
backscatter. If measurements are averaged for example at stand level, i.e. in areas
containing a statistically sufficient number of pixels, speckle and uncertainty in the
backscatter measurements sensibly decrease. Nevertheless, the absolute calibration
error is still included. This aspect has been taken into account in the interpretation of
the results, in particular when comparing with investigations that used different
calibration procedures.

3.3.1 Kattbole

The forest estate of Kattbole (60° N, 17° E) is located northeast of Stockholm and
Uppsala, Sweden, and covers 550 ha. Coniferous trees such as Scots pine (Pinus
sylvestris) and Norway spruce (Picea abies) are the dominant species. Few stands of
deciduous species, in particular birch (Betula pendula), can be found as well. In 1995
and 1996 the whole area, consisting of more than 100 forest stands, was very
accurately inventoried (FRANSSON et al., 2001). Measurements were collected at plot
level and aggregated for each stand (see Figure 3.2). For application purposes only
stands larger than 2 ha after edge erosion of a digital forest mask were retained.
These stands included at least 128 pixels in the geocoded images. Because of the
high accuracy of the ground-truth data, Kéttbole will be considered throughout the
thesis as a “reference” site for the evaluation of the investigations.

The extensive data set consisting of both ERS and JERS images (see Table 3.2)
allowed the thorough investigation of C- and L-band backscatter and coherence
dependency on weather conditions, and the potential for stem volume and tree height
retrieval at plot and stand level. Since a plot roughly corresponded to a pixel, the
backscatter measurements were used at stand level only because of speckle.

3.3.2 Swedish NFI area

The Swedish NFI area is located between the regions of Uppland and Véstmanland,
Sweden, and covers an area of 4235 km®. The forest estate of Kittbole is
approximately situated in the centre but it is not part of the NFI. In this large area, a
set of 1004 plots measured between 1994 and 1998 was available. To decrease error
sources, the analysis was restricted to plots that satisfied several criteria (position
within the forest, stem volume and satellite coverage) (SANTORO, et al., 2002).

In this area stem volume retrieval at plot and regional level have been investigated.

As for the plot analysis carried out in Kéttbole, only coherence images were
considered.

3.3.3 Tuusula
The province of Tuusula is located 20 km north of Helsinki, Finland (60° N, 25° E).

Forests and fields represent the main land-cover types (Figure 3.4). Forests comprise
mainly coniferous tree species (Scots pine and Norway spruce), with few birch cases.
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Forest measurements, with an estimation error above 20 % at stand level, were
collected in more than 250 stands during the EUFORA project (European Forest
Observations by Radar) in 1997 (HALLIKAINEN et al., 1997). The average size of the
stands was smaller than in Kéttbole, which had an impact on the number of stands
suitable for the investigations. After erosion, only 37 stands included more than 20
pixels, corresponding to an area larger than 1.25 ha. Less than 20 stands were larger
than 2 ha, these being mainly at high stem volume. In order to uniformly represent
the range of stem volumes typical of the area, the 37 stands were kept for the
analysis.

Figure 3.4. Land-cover map of the Tuusula region. The town of Tuusula on the right
side of the picture neighbours the big lake. Forests in green and open fields in yellow
represent the dominant land-cover classes. Area: 20 x 20 km.

Over Tuusula sixteen ERS images but only three uncalibrated JERS images were
available. At C-band it was therefore possible to compare with results obtained in
Kattbole, while at L-band the low quality data did not allow any significant
evaluation.

Despite the similar geographical position of the two test sites, forests in Tuusula
were characterised by a much larger interval of stem volumes and by different
distribution of tree species within a stand. Pine and spruce dominated stands were the
most frequent types of forest cover, whereas in Kéttbole most stands were mixed
pine and spruce.

3.3.4  Bolshe-Murtinsky

The territory of Bolshe-Murtinsky is located north of Krasnoyarsk along the river
Yenisey in central Siberia (92° N, 57° E). Bolshe-Murtinsky comprises several forest
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compartments, mostly covered with spruces, firs and birches with a percentage of
cedar and aspen. Two compartments west of the Yenisey River are considered in this
thesis. The distance between the centres of the two compartments is around 42 km.
According to the numbering introduced within the SIBERIA (SAR Imaging for
Boreal Ecology and Radar Interferometry Applications) project, of which Bolshe-
Murtinsky was one of the test territories, the two test sites are labelled in this thesis
as “Bolshe-2” and “Bolshe-4” [Schmullius, 2001 #600].

For both compartments an extensive GIS forest database, updated in 1998, was
available. The data originates from the regular forest surveys performed by the
Russian foresters. Based on information from the Russian forest inventory standards,
growing stock volume is estimated with accuracy between 15% and 20%, depending
on the age of the forest (SCHMULLIUS et al., 2001; STOLBOVOI & MCCALLUM, 2002).
Unfortunately exact figures for the two compartments were not available.

Compared to Kittbole and Tuusula, the area of the forest compartments is much
bigger and the distribution of stem volume less uniform, this probably being a
consequence of the different forest management practise in Sweden and Finland, and
in Siberia. Besides mature and over-mature forests, both Ké&ttbéle and Tuusula
included areas of regeneration, regrowth and thinning. In Bolshe-Murtinsky the very
young and the dense forest types are dominant, whereas the intermediate growth
stage is almost completely lacking (Figure 3.5).
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Figure 3.5. Stem volume distribution at the investigated test sites.

Although both ERS and JERS images have been acquired over Bolshe-Murtinsky,
the JERS backscatter only has been considered in this thesis. The ERS data have
been evaluated within the SIBERIA project (SCHMULLIUS, et al., 2001), whereas the
JERS coherence is currently under investigation (ERIKSSON et al., 2003). As in
Kittbole, the seasonal effects on the JERS backscatter were studied and the
implications for stem volume retrieval were analysed.
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Chapter 4

SAR and InSAR in boreal forests

The backscatter and the coherence of a forest depend on the properties of the SAR
and on the environmental conditions of the imaged area. For environmental
conditions we refer to weather conditions at acquisition and dielectric properties of
the forest. Frequency, polarisation and incidence angle determine the type of
scattering. The strength of the scattering is determined by the weather conditions and
the dielectric properties of the forest. Being a combination of two SAR images, the
repeat-pass coherence is very sensitive to the temporal interval between acquisitions
and the environmental conditions at and between the two acquisitions. Finally,
scattering and the way scattering changes in time should be directly influenced by the
tree species specific structures.

This Chapter provides a background on radar scattering and InSAR decorrelation
mechanisms in forests, followed in both cases by results illustrating the effect of
weather conditions on the backscatter and the coherence. This Chapter does not deal
with SAR and InSAR phase, to which Chapter 8 is dedicated. Section 4.1 introduces
the fundamentals of radar scattering in a forest, focusing on the mechanisms
dominant at C- and L-band for the ERS and JERS configurations respectively. The
extensive set of SAR and InSAR images available over several test sites allowed a
thorough description of the weather effects on ERS and JERS backscatter and a
comparison of results (Section 4.2 and 4.3). Section 4.4 discusses the decorrelation
mechanisms in a forest; particular emphasis is given to the effect of environmental
conditions and temporal interval between acquisitions on ERS and JERS coherence
in Sections 4.5 and 4.6 respectively. Finally, the effect of the tree species structure on
the backscatter and the coherence is analysed in Section 4.7, where investigations
concerning the identification of boreal tree species using ERS and JERS signatures
are reported.
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4. SAR and InSAR in boreal forests

4.1 Forest scattering mechanisms

The total backscattered power from a forest is a sum of echoes returned towards the
radar by a large number of various elements distributed within the tree canopy and
on the ground. This complex system of contributions can be summarised in terms of
scattering mechanisms occurring in a forest (see Figure 4.1):

o Direct scattering from the crown (tree canopy, branches and trunks)
o Direct scattering from the ground
o Double bounce crown-ground

o Double bounce trunk-ground

Layer 1

Layer 2

Forest floor

Figure 4.1. Backscatter in forested areas. A represents the backscatter from the
ground, through the canopy, B is the direct reflection from the canopy. C and D
represent the trunk-ground and canopy-ground reflections. At C-band, solutions A
and B are dominant. At L-band, besides A and B, solutions C and D can be
significant.

The dominance of one or few mechanisms depends primarily on the frequency used.
At high frequency, the electromagnetic wave is strongly absorbed within the first
layers of vegetation, thus making the contribution from branches and trunks as well
as the direct contribution from the ground and the double bounces negligible. At
lower frequencies, the deeper penetration of the wave into the canopy decreases the
effect of surface scattering at the air-canopy interface on the total backscatter. Echoes
from the main branches, from the ground and double-bounces canopy-ground and
trunk-ground become more and more dominant.
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The short wavelength of C-band (5.66 cm) is comparable to the size of the elements
in the upper part of the tree canopy (needles, twigs, small branches and leaves).
Hence, the backscatter can be considered mainly as surface scattering coming from
the treetops. The strong attenuation of the wave in the upper layers of the canopy
makes other scattering sources negligible. Ground contribution is related to gaps
within the canopy. At L-band (23.5 cm) volume scattering and the ground
contributions are more important. The wave partly penetrates the upper layers of the
canopy, interacting with the main branches. It is not clear how much double-bounce
effects between trunk and ground influence the total echo (see Chapter 5).

As mentioned in the Introduction, the main advantage of using SAR is its capability
of acquiring data at any meteorological condition. Nevertheless, this property does
not mean that the radiometry of the image is unaffected by the weather conditions at
acquisition. It is well known that the SAR backscatter shows different patterns
depending on whether the image has been acquired under dry conditions, at
temperatures well above the freezing point or under thawing conditions. Just as an
example, (WAY et al., 1994) showed measurements of the dielectric constant real
part in stems of different tree types. In correspondence of the plant fluid, the values
were significantly lower under frozen conditions. A frozen medium is transparent to
an incoming wave, thus affecting the backscatter. Obviously the effect of specific
meteorological conditions depends on frequency used, polarisation and incidence
angle.

So far the scattering properties have been presented for a dense forest, i.e. a fully
grown forest, for which the canopy covers the ground so that the interaction with an
incoming wave occurs within the canopy. In sparse forests, i.e. in forest where the
forest canopy is characterised by large gaps, the backscatter is mainly related to the
power echoed back to the radar by the forest floor. Dielectric properties and
roughness of the ground determine the power of the backscattered signal. For
increasing frequency the real part of the dielectric constant decreases so that the
scattering strength decreases. A rougher ground surface is characterised by stronger
scattering strength.

The backscatter of sparse and dense forests has been highlighted throughout the
figures in this Chapter by two lines. Solid lines have been used for forests with stem
volume below 50 m*/ha, i.e. for forests having a non-negligible ground-contribution.
Dashed lines represent dense forests, i.e. forests with stem volume close to the
biggest measured value. The threshold for the dense forest class is dynamic,
depending on the stem volume distribution at each test site. For example in Kéttbole,
where the highest measured stem volume is 335 m3/ha, forest stands with stem
volume above 250 m3/ha were included in the class. The same approach has been
used for describing the run of coherence.

Both thresholds for the sparse and the dense forest represented a trade-off between
having a statistically sufficient number of samples in each class but still the structure
of the forest stands could be as similar as possible in order to remove the dependence
of the backscatter/coherence from any biophysical parameters.
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4. SAR and InSAR in boreal forests

In particular, for sparse forests the choice of the threshold was crucial. Considering
the strong dependence of both the backscatter and the coherence upon stem volume,
the sparse forest class going from 0 to 50 m’/ha was not the optimal choice. In this
interval there is a strong dependence of both parameters to stem volume (see Chapter
6). Rigorously speaking a slightly lower threshold should have been used (for
example 20 m’/ha). Nonetheless the number of stands included in the class would
have been too limited.

4.2 ERS backscatter

The ERS backscatter in boreal forests has been widely analysed in several
publications, which showed the small dynamic range (i.e. the difference between
sparse and dense forest backscatter), the effect of soil moisture on the ground
backscatter and the changes in the vegetation backscatter at freeze and thaw events
(see for example (KASISCHKE et al., 1994; RIGNOT et al., 1994a; HARRELL et al.,
1995; PULLIAINEN et al., 1996; WAY et al., 1997; DUGUAY et al., 1999)). In this
thesis the ERS backscatter images have been primarily considered as support to
interpret the properties of forest coherence. Therefore, only those aspects necessary
for the understanding of the coherence signatures have been reported.
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Figure 4.2. Run of ERS backscatter in sparse and dense forests between June 1995
and July 1996. The two types of forests are represented by the solid and the dashed
line respectively. Sparse forests are forest stands with stem volume below 50 m’/ha.
Dense forests are forest stands where stem volume is higher than 250 m’/ha in
Kittbéle and 450 m’/ha in Tuusula.
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Figure 4.2 shows the changes in sparse and dense forests backscatter over a
timeframe of approximately one year in Kéttbole and Tuusula. As expected, the
dynamic range is small. C-band waves interact with the treetop elements, thus having
low sensitivity to forest attributes (see results presented in Chapter 6 and 7 as well).
At the two test sites the dependence upon environmental conditions was similar and
in line with previous investigations carried out in other areas. The backscatter in
dense forests was mainly affected by the dielectric properties of the tree fluids (i.e.
frozen or unfrozen state). The backscatter in sparse forests was indeed determined by
the dielectric properties of the forest floor (snow cover and soil moisture). Since
almost all images were acquired when the ground was either wet or covered with wet
snow, it has not been possible to compare with backscatter values typical of dry-
unfrozen conditions.

In dense forests the backscatter was rather constant, around —8 dB, and decreased
when the temperature was below the freezing point (October 1995 in Kittbole and
March 1996 at both sites). The drop of backscatter is explained in terms of the
changed dielectric properties of leaves, needles and small branches. The water
content determines the high dielectric constant of the scatterers. When the
temperature is below 0 °C, the water freezes and the canopy becomes more
transparent to the incoming wave. The transition from sub-zero to above-zero
temperatures is clearly shown by the March and April images acquired over
Kattbole, for which the backscatter increased with 2-3 dB. Similar results were
obtained from a multi-temporal set of ERS-1 images acquired during freeze/thaw
events in Alaskan taiga forest (RIGNOT, et al., 1994a), in Finnish boreal forest
(PULLIAINEN, ef al., 1996) and in sub-arctic forest (DUGUAY, et al., 1999). In (WAY,
et al., 1997) the relationship between forest backscatter and thawed water in the
stems was investigated. The backscatter rose when thaw started but did not drop
when temperatures below 0 °C were measured in the stem. A second increase in
backscatter occurred in spring but it was not clear whether it was caused by stem
thaw. The backscatter in dense forest therefore seems to be an indicator of periods of
tree activity.

In Tuusula, an interesting situation could be observed. Although in April, the
temperature constantly rose from values around 0 °C (6-7 April) to 3-4 °C (17-18
April), the first pair of images showed a backscatter typical of unfrozen conditions,
whereas for the second pair the backscatter had returned to values observed during
the winter. Since it is not possible that the plant fluid first thawed and then refroze, it
can be argued that the high forest backscatter in the first pair was due to melting
snow on the trees. Weather data report a strong decrease of the snow pack on the
ground, which in turn made us assume that a similar situation occurred on trees.
Hence, the high backscatter could be considered as a combined effect of melting
snow and frozen vegetation dielectric properties.

Compared to the backscatter in dense forests, the backscatter in sparse forests shows
larger variability and more pronounced dependence on the season. In case of rainfall
or thaw, the moisture content of the soil increases and so does the dielectric constant.
The backscatter is in such cases comparable to the dense forest backscatter or even
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higher (PULLIAINEN, et al., 1996). Snow can significantly affect the backscatter. At
C-band, dry snow is transparent to the radar wave, which therefore interacts with the
(frozen) ground, giving rise to a low backscatter. For wet snow the scattering occurs
mainly at the air-snow interface and is influenced by the snow roughness. For
increasing water content and surface roughness, the backscatter increases.

Several images acquired after or during rain precipitation were characterised by
similar levels of backscatter in sparse and dense forests. When snow covered the
ground, the backscatter was higher than in dense forests, which could be due either to
partial snow wetness or snow roughness at the air-snow interface (see the March
1996 images at both sites). Cases of snowmelt (April 1996 at both test sites) were
characterised by rather high backscatter, in particular in Kéttbdle, where probably the
soil moisture content was higher than in Tuusula.

4.3 JERS backscatter

Since JERS operates at L-band and with a shallower incidence angle, the backscatter
in forested areas is more sensitive to the forest structure and less to ground surface
roughness, soil moisture and snow cover. Hence, the backscatter from dense forests
is always stronger than from sparse forests and we can observe a larger dynamic
range.

In this Section JERS observations from Kittbole, Bolshe-Murtinsky and Tuusula are
discussed and compared. Over Kittbole and Tuusula the available images were
mostly acquired between spring and fall, for dry-unfrozen conditions, whereas over
Bolshe-Murtinsky more than half of the images available were acquired during the
winter, at temperatures well below the freezing point. Furthermore, for each test site,
several acquisitions were characterised by temperature around the freezing point, in
conjunction with freeze or thaw events. In Figure 4.3 we report the run of JERS
backscatter in Kéttbole and Bolshe-Murtinsky. A graph for Tuusula is not included
due to lack of calibrated data, which did not allow a full comparison with the other
two test sites. Nevertheless, it has been possible to compare behaviours and trends
due to seasonal dynamics.

Figure 4.3 shows the clear difference between the backscatter in sparse and mature
forests, the little spread of measurements, expressed by the short error bars, and the
weaker dependency of the ground backscatter upon several environmental conditions
(for example snow cover and moisture content of the ground) in comparison to C-
band. Similar results were reported in (HARRELL, et al., 1995), where the influence of
wet ground was stronger on the ERS than on the JERS backscatter, and in (BAKER &
LUCKMAN, 1999), where multi-temporal EMISAR data acquired at 50° incidence
angle was more consistent at L- than at C-band.

For dry-unfrozen conditions both in sparse and dense forests the backscatter was
found to be higher than for winter-frozen conditions. A frozen canopy and a frozen
ground scatter with less power because the dielectric constant is much smaller.
Moreover, an incoming wave penetrates the canopy deeper and the percentage of
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ground seen by the radar increases. Dry-unfrozen conditions occurred in Kéttbole,
between May and October 1997 and then again starting in May 1998. The
backscatter in dense and sparse forests was at around —6 and —8 dB respectively.
Winter-frozen conditions were observed in Bolshe-Murtinsky between January and
February 1994 and between November 1996 and February 1997. The backscatter
was clearly lower in both forest types, being at around —10 and —11 dB respectively,
which shows that the dynamic range had decreased as well. Similar results were
reported in (PULLIAINEN et al., 1999) using a set of JERS images for a Finnish forest
and in (RIGNOT et al., 1994b) where 35° incidence angle AIRSAR data from Alaska
showed an increase of 6 dB from winter-frozen to spring conditions.
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Figure 4.3. Run of JERS backscatter in sparse and dense forests. The two types of
forests are represented by the solid and the dashed line respectively. Sparse forests
are forest stands with stem volume below 50 m’/ha. Dense forests are forest stands
where stem volume is higher than 250 m’/ha in Kitthole and 350 m’/ha in Bolshe-
Murtinsky

The only clear case of freezing was registered in Bolshe-Murtinsky (October 1996).
The backscatter in sparse forests was similar to values measured for winter-frozen
weather, whilst dense forests still showed a backscatter typical of unfrozen
conditions. Probably the fluids in the trees were still active, whereas the moisture in
the ground had already turned to the solid state.
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Cases of thaw were reported both in Kéttbole (April 1997, January, February and
April 1998) and in Bolshe-Murtinsky (April 1997). Thaw events could be easily
characterised in Bolshe-Murtinsky but not in Kittbdle because several
meteorological events occurred at the same time, influencing the backscatter. In
Bolshe-Murtinsky the temperature had been above 0 °C for some days before the
acquisition. Compared to the previous acquisition, the backscatter increased,
reaching a level typical of unfrozen conditions. In Kéttbole we could observe several
behaviours. In April 1997 and January 1998 the temperature was around the freezing
point, a thin snow layer covered the ground and precipitation occurred. The
surprisingly high backscatter in both sparse and dense forests should be due to high
dielectric constant of both ground and canopy, which could be explained in terms of
very wet ground and tree activity. In February and April 1998, the backscatter was
lower but not as low as for typically frozen conditions. A 25 cm thick snow layer
together with fresh snow in the first case and a rather wet ground in the second case
should explain the results.

4.4 Forest decorrelation mechanisms

At high frequencies the signal echoed by a forest towards the radar is likely to
change on a short timescale, due to the typical temporal instability of the scatterers
within the forest canopy. In a repeat-pass configuration, the correlation between two
backscattered signals from a forest resolution cell should therefore be low. At C-band
this assumption can be considered generally valid because of the high attenuation of
the signal within the first few metres of the canopy. At L-band the signal will still be
mainly returned by the canopy but the interaction with relatively more stable
elements should result in a slightly higher degree of correlation. Besides the temporal
decorrelation, it should not be forgotten that volume decorrelation becomes
significant for increasing wavelength.

Movements of scatterers within a resolution cell in a vegetated area take a few
seconds so that fully grown forests are commonly characterised by total
decorrelation, whichever repeat-pass period characterises an InSAR system. For
sparse forests the combined effect of vegetation and ground decorrelation becomes
indeed crucial to understand the measured coherence.

If we interpret the decorrelation as a change in the scattering, ground is much more
stable than vegetation. Changes can be due to movements of scatterers within the
cell. In boreal forests shrubs and small trees form the understory, which is
characterised by a limited temporal stability, thus causing partial ground
decorrelation. Nevertheless, ground decorrelation is mostly related to changes in
some of the properties of the scatterers within the ground resolution cell. An increase
in snow water equivalent or soil moisture after precipitation causes a different
arrangement of scatterers within the cell and alters the signal scattered towards the
radar. In this case we commonly speak of decorrelation due to dielectric changes.

An important role on the total forest coherence is played by snow. At C-band the
coherence of snow-covered surfaces is high if the properties of the snow have not
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changed between the two acquisitions, independently of whether the snow is dry or
wet. Changes of snow water equivalent or surface roughness alter the dielectric and
geometric properties of the snow, causing decorrelation (STROZZI et al., 1999).
Compared to C-band the lower sensitivity of L-band to dry snow should imply that
the coherence is determined by the underlying ground surface. Volume decorrelation
has to be considered in wet snow covers. Temporal decorrelation can be expected in
case of strong changes in the water content, because of changes in the scattering
mechanisms within the snow volume.

45 ERS Coherence

The whole ERS mission has provided interferometric images with several acquisition
intervals. During the five years long “tandem” mission, pairs could be formed with a
temporal distance as short as one day. Besides the nominal 35-days interval, repeat-
pass intervals of a few days were possible during the ERS-1 ice missions (3, 6, 9, 12
days, etc.).

In dense forests even the shortest ERS repeat-pass cycle is sufficient for observing an
almost complete decorrelation of dense vegetated areas. Wind is considered the main
source of decorrelation. In (CASTEL et al., 2000; ASKNE et al., 2001; ASKNE et al.,
2003) coherence and wind speed had a rather good correlation. In sparse forests the
ERS one-day coherence is generally higher than in dense forests, unless
meteorological events at and between the two acquisitions, due to rain, snowfall or
snowmelt, have occurred. These cause partial or complete ground decorrelation. For
stable weather conditions, coherence decreases for longer intervals, up to 10-15 days,
because of increasing changes in the ground dielectric properties. For even longer
intervals, of the order of one or more nominal repeat-pass cycles, commonly
complete decorrelation of the scene occurs (SMITH et al., 1996). Long-term
coherence images from Kéttbole and Tuusula confirmed previous results.

The relationship between dielectric properties of the trees and coherence is not as
clear. During winter, when the temperature is constantly under the freezing point,
trees are frozen; therefore, they are more transparent to the electromagnetic wave and
should have high coherence. Periods of freeze/thaw events should coincide with
changes in the tree physiology; hence, a relation between tree physiology and
coherence seems to be reasonable. Nevertheless, these assumptions have not been
supported by clear experimental evidence due to the noisiness in the observations.

Figure 4.4 illustrates how coherence changes throughout a year in Kittbole and
Tuusula. As expected, dense forests were always more decorrelated than sparse.
Coherence in sparse forests was around 0.7 unless meteorological events occurred.
Heavy rainfall (June and July 1995 in Kittbole, September 1995 in Tuusula) and
snowmelt (first April 1996 pair in Tuusula) were characterised by complete
decorrelation. Rain precipitation occurred at the time of several acquisitions over
Tuusula (October 1995, and the last three pairs from 1996) and Kéttbdle (September
1995) causing a partial change in the dielectric properties of the ground. As a
consequence, sparse forests appeared partially decorrelated.
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Coherence in dense forests was generally below 0.3 for unfrozen conditions. Higher
coherence was measured when temperature was around or below the freezing point
(October 1995 and first pair from April 1996 in Kéttbole; first pair from March 1996
in Tuusula). Light winds were measured so that the only possible explanation for this
behaviour is the larger penetration of the wave to more stable parts of the canopy. A
similar behaviour was shown by (KOSKINEN et al., 2001) at a test site located in
southern Finland. The mean coherence in fully grown forests was equal to 0.5 in one
pair acquired at sub-zero conditions. Despite the rather limited amount of examples
available, these results show that the ERS one-day coherence can be used to infer the
physiological state of a forest.
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Figure 4.4. Run of coherence in sparse and dense forests. The two types of forests
are represented by the solid and the dashed line respectively. For the definition of
sparse and dense forest see Figure 4.2.

4.6 JERS coherence

The JERS mission was characterised by a long repeat-pass interval and by baselines
that in most cases were too long for interferometric applications. Hence, JERS
interferometric pairs suffer from both relevant temporal and volume decorrelation.
These two factors have limited the investigations on JERS coherence in forested
areas. A few studies have been carried out for tropical forest monitoring in Brazil
(see (LUCKMAN et al., 2000)). In Swedish and Finnish boreal forests (ASKNE et al.,
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1999) has analysed the signatures of several land-covers, whereas in Siberia
(ERIKSSON et al., 2003) has shown a relatively higher coherence in regenerating
forests than in dense forests, being consistently much higher in pairs acquired during
winter.

JERS coherence was evaluated in Kéttbole but the weather effects or too long
baseline for an interferometric pair strongly affected all pairs that could be formed.
Both dense and sparse forests were characterised by total decorrelation, except in one
case when the coherence in sparse forests was measured at around 0.4 (ASKNE, et al.,
2003). These results were expected because of the frequent weather changes
occurring in Sweden.

4.7 Tree species identification

Tree species discrimination using SAR data relies on the idea that each species has
its own structural characteristics (distribution and amount of branches, twigs, needles
and leaves), thus influencing the total backscattered signal.

Using a single SAR image, it has been proved that it is not possible to distinguish
with reasonable accuracy between boreal tree species or even to separate broadleaf
from coniferous covers. Only polarimetric data acquired at different frequencies
seems to be accurate enough for biodiversity mapping. In (RANSON & SUN, 1994)
Principal Component Transformation (PCT) has been used on quad-pol AIRSAR C-,
L- and P-band data to reduce the amount of imagery and speckle effects. With a
Maximum Likelihood Classifier softwood was separated from hardwood with high
accuracy. Nevertheless it was not possible to distinguish between the two major
hardwood species (hemlock and spruce). The same approach was used on SIR-
C/XSAR data (polarimetric imagery acquired at X- C- and L-band) together with
Landsat TM images in (RANSON et al., 1997). The authors concluded the pine and
aspen could be separated with an accuracy of approximately 95% whilst only 71.4 %
of the spruce forests were correctly classified, probably because of stand size and site
conditions. A set of SIR-C polarimetric images acquired at C- and L- band over the
Western Sayani Mountains in Siberia was analysed in (RANSON et al., 1999). Three
methods were tested to classify the data, two of them being based on a reduction of
images by means of PCT. Transformed imagery provided more accurate results, in
line with the figures so far reported. ML classification of single images instead
reached the best accuracy in the deciduous class and the mixed class with 61% of
correctly identified stands. Using L-band data, HH polarised, acquired at several
weather conditions over a Canadian boreal forest site, (RANSON & SUN, 2000)
reported higher classification accuracy for pine, spruce and aspen class (between
68% and 95%). Nevertheless the results were not temporally consistent.

Coherence should be influenced by the tree species since each species should have a
specific oscillation in response to wind forces. Moreover, in deciduous species leaves
should be active agents in decorrelating a scene (WEGMULLER & WERNER, 1995;
CASTEL, et al., 2000; PROISY et al., 2000), thus enabling the separation between
coniferous and broadleaf forests. Using ERS backscatter and coherence (TORMA,
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1999) identified pine and spruce stands with high accuracy. However, this study did
not take into account that the two classes were characterised by different stem
volume intervals.

An analysis of tree species discrimination was carried out in Kéttbole and Tuusula
using all types of images available. For the analysis stands with stem volume below
100 m’/ha were not considered. This threshold was a trade-off between having a
sufficient number of stands for the investigation and a set of stands for which only
the structural differences of the trees would have affected the backscatter and the
coherence.

The limited number of stands allowed the creation of two classes only:
o Class 1: spruce with a percentage > 50%

o Class 2: spruce with a percentage < 50% (i.e. pine or birch or mixed forest
types).

Other classes could not be determined because of too few stands with a percentage of
a species above 50%. Results did not show a clear separation between the two
classes, proving that that tree structures do not have any influence on the SAR and
InSAR signatures and that tree species discrimination is not feasible using single
ERS or JERS backscatter and coherence images.

4.8 Conclusions

The scope of this Chapter was to investigate the properties of the ERS C-band and
the JERS L-band backscatter and repeat-pass coherence in boreal forests. Three test
sites located in Sweden, Finland and Siberia were used for the purpose, which
allowed a comparison of results in order to check for spatial consistency of the
measurements. In order to give a full view of the factors affecting the values
observed in boreal forests, two types of forests were considered: dense and sparse
forests. Dense forests are characterized by fully developed tree crowns that cover
almost completely the ground. Because of the strong attenuation within the canopy at
C- and L-band, the backscatter and the coherence are mostly related to the scattering
properties of the vegetation. In sparse forests instead the scattered signal is governed
by the properties of the forest floor.

Because of the longer wavelength L-band backscatter has higher sensitivity to the
forest structure and is less affected by the forest floor roughness. This explains the
larger dynamic range of the JERS backscatter (2-3 dB in comparison to 1-2 dB
difference for the ERS backscatter) and the consistent higher values in dense than in
sparse forests. Nevertheless, the backscatter difference is not simply dependent on
the sensor frequency but on the environmental conditions as well. These are
fundamental to explain the signatures of the coherence, which is also affected by the
temporal interval between the two acquisitions. Short repeat-passes, as the one-day
interval during the ERS “tandem” mission, preserve the coherence at least in sparse
forests. The 44-days interval between two JERS passes is instead too long for
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observing any coherence, at least in Sweden and Finland because of the frequent
changes in the weather patterns.

In dense forests both ERS and JERS backscatter are rather constant under unfrozen
conditions and decrease when the temperature is below the freezing point because of
the smaller dielectric constant of the vegetation. Because of the lower frequency, the
JERS backscatter is stronger and shows a more marked difference between frozen
and unfrozen conditions (approximately 3-4 dB difference). Hence, the L-band
backscatter from dense forests seems to be a good indicator of freeze and thaw
events.

The ERS coherence is influenced by the temporal stability of the canopy. The
unstable nature of the upper part of the canopy, mainly due to wind-induced motions,
causes low coherence. Nevertheless, for frozen conditions coherence increases,
probably because of the deeper penetration into the canopy of the electromagnetic
wave, which interacts with more stable scatterers. More investigations at sub-zero
temperatures are needed in order to confirm the results obtained.

In sparse forests, the moisture content of the forest floor is the main variable
affecting both the backscatter and the coherence. Images acquired when precipitation
in form of rain occurred show the highest backscatter. At C-band it is even possible
to observe higher backscatter than in dense forests. Because of the stable nature of
the scatterers on the ground, the coherence is much higher than in dense forests.
Changes in ground moisture cause decorrelation, which seems to increase for
increasing amount of precipitation.

At the latitude of boreal forests an important role on backscatter and coherence
properties is played by snow, which covers the ground for long periods of the year.
Snow type and snow roughness strongly affect the power scattered back to the sensor
and the decorrelation, although the behaviour is different at C- and L-band. The
rather high ERS backscatter measured in Tuusula and Kéttbole seems to indicate a
rather rough surface and non-negligible water content. The high coherence (0.7-0.8)
can be explained in terms of the high temporal stability of the snow cover and the
negligible volumetric effects. Coherence does not seem to be a good measure for
snow parameters estimation but rather for thaw monitoring, when total decorrelation
occurs. At L-band the dielectric properties of the snow pack have less effect.
Nevertheless it was possible to observe large backscatter differences (around 2-3 dB)
between dry snow in Bolshe-Murtinsky and wet snow in Kéttbdle. Freeze and thaw
could be easily characterised, in particular in Bolshe-Murtinsky, because of the
respectively strong decrease and increase in the backscatter.

Boreal tree species, i.e. coniferous pine and spruce, did not affect in a different way

either the backscatter or the coherence. Analysis of biodiversity does not seem to be
feasible using a single SAR or repeat-pass InSAR image.
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Chapter 5

SAR and InSAR forest modelling: theory

The following two Chapters focus on modelling of SAR backscatter and InSAR
complex coherence as function of forest parameters. In this Chapter two models are
introduced and the theoretical background is discussed. Results from model fitting to
SAR and InSAR data will be thoroughly described in Chapter 6.

Section 5.1 summarises the fundamentals of radar scattering presented in the
previous Chapter in order to comprehend the main approaches to radar backscatter
modelling of forests. In Section 5.2 and 5.3 the Water Cloud Model for the
backscatter and the Interferometric Water Cloud Model for the complex coherence
are derived. Both models are expressed as function of the area-fill factor.
Nevertheless, since the area-fill factor is not commonly used as forest parameter, an
alternative formulation in terms of stem volume is reported. Section 5.4 describes the
main properties of the Interferometric Water Cloud Model to provide a background
for the understanding of the results and the discussion presented in Chapters 6 and 8.

5.1 Forest backscatter modelling

The complexity of SAR backscatter does not allow the definition of a detailed forest
scattering model that would include the contributions from as many scattering
sources as possible. Models require a number of assumptions concerning the
scattering elements (type, amount, distribution and dielectric properties) and the
dominant scattering mechanisms.

Several models treat forests as a multi-layered medium, in which scattering elements,
characterised by few geometrically simple shapes, are distributed. The total intensity
is computed either as a coherent sum of the electromagnetic fields scattered back by
each element (CHAUHAN et al., 1991; FUNG, 1994) or as an incoherent sum of
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energies using the radiative transfer theory (ULABY et al, 1990a; KARAM et al.,
1992; MCDONALD & ULABY, 1993; SAATCHI & MCDONALD, 1997). The forest
volume is generally divided into two or three layers (tree-top, crown, trunk) with
discs representing the foliage and cylinders representing branches and trunks. Size,
dielectric properties and distribution of discs and cylinders are determined on the
basis of statistical models, allometric relationships and observations. The forest floor
is either treated as a plane surface or includes a term to account for surface
roughness.

Another approach generally found in literature models the vegetation as one or more
homogeneous layers within which size, shape and distribution of the scattering
elements are not specifically taken into account (ATTEMA & ULABY, 1978;
RICHARDS et al., 1987; PULLIAINEN ef al., 1994; ASKNE et al., 1995). The scattering
elements are treated as particles, uniformly spread within a volume representing the
vegetation slab. These particles idealize the tree elements and are characterised by an
attenuation cross section related to the type of forest under investigation. Such
models are based on radiative transfer. The incoming energy in one layer of
infinitesimal thickness is partly reflected back to the radar and partly transmitted to
the lower layer. The amount of energy transmitted depends on the attenuating
properties of the forest. The total backscattered power is given by the incoherent sum
of the single contributions coming from each layer. If each layer has the same
properties, the integration is straightforward. In such models the total forest
backscatter is described in terms of the main scattering mechanisms and expressed as
a function of a few forest parameters.

Because of the large number of forest variables, the former type of models is
commonly used for backscatter simulation. The rather simple formulation of the
backscatter as a function of a few forest parameters make the second type of models
suitable for inversion, i.e. to provide estimates of forest variables using backscatter
measurements.

5.2 Water Cloud Model

A simple model describing the relationship between forest backscatter and forest
parameters is the Water Cloud Model (ATTEMA & ULABY, 1978). In the WCM
vegetation is treated as a homogeneous medium filled with water droplets, over a
horizontal plane surface representing the ground. The water droplets scatter part of
the incoming wave towards the radar, attenuating it along its path into the vegetated
slab. Being a very simple and idealised model, the scatterers have all the same
properties, i.e. the same total attenuation cross section and radar cross section. The
total contribution from the vegetation is an incoherent sum of the energies scattered
at each layer. The vegetation contribution adds up to the backscatter coming from the
ground, which in turn depends on the density of the cloud. A high density of particles
will strongly attenuate the wave along its path through the canopy, so that the ground
backscatter represents a negligible contribution to the total backscatter.
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Far from being a correct and exhaustive description of the reality, these are the main
properties of the WCM.

e

It explains the total forest backscatter in terms of two scattering mechanisms:
direct contribution from the vegetation and from the ground.

It takes into account the predominance of surface/volume scattering by means
of an attenuating term.

It weighs the contributions from the vegetated slab and from the ground as a
function of canopy density.

It neglects higher order scattering mechanisms such as double bounces between
vegetation and ground.

It does not include gaps between trees (horizontal inhomogeneity) and the
varying structure of the canopy along the vertical profile of a forest (vertical
inhomogeneity).

In a similar way to the WCM, a simple model based on radiative transfer through a
horizontal scattering and attenuating layer with gaps has been considered in this
thesis (ASKNE, et al., 1995) (Figure 5.1):

O-;or = (1 - 77)6; + U[Jgr]:ree + erg (1 - Ttree )] (5 1)

Layer 2

Layer 1

Figure 5.1. Scattering mechanisms in a forest with gaps: ground scattering
attenuated by the tree (1), vegetation scattering (2), giround scattering through the
gaps (3).

The forest backscatter, o, , is modelled as a sum of:

l.
2.
3.

Direct scattering from the ground through the canopy gaps
Direct ground scattering attenuated by the canopy

Direct scattering from the forest canopy.

The first two terms form the ground contribution; the third expresses the vegetation
contribution to the total forest backscatter. In order to take into account the gaps in
the canopy, each term is weighted by the area-fill factor, 7. This coefficient
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represents the fraction of ground covered by tree crowns from the radar’s perspective
and is a forest property that should be independent from frequency and viewing
angle. One method to measure area-fill factor is by thresholding photographs taken
looking vertically upwards through the forest canopy (SMITH, 1998).

The coefficient Ty, represents the two-way transmissivity through the tree canopy. It
expresses how much the incoming energy gets attenuated when it goes through the

tree canopy. The two-way tree transmissivity can be written as e, where « is the
two-way attenuation per metre through the tree canopy and /4 is the thickness of the
attenuating layer. In boreal forests, it can be assumed that thickness of the layer
coincides with the tree height. The two-way attenuation per metre through the tree
canopy can be easily related to the penetration depth, which is more commonly used
to describe the attenuating properties of a medium. If « is given in dB/m, the two-
way attenuation per metre can be converted into penetration depth, o, by using the
following equation:

-1
5:(2-1111010] (5.2)

The direct ground backscatter is given by the backscatter coefficient of the ground,
o, , weighted by the percentage of ground not covered by vegetation, (7-7). The

attenuated ground scattering is determined by the ground backscatter coefficient,
attenuated by the vegetation layer, 77;... The direct scattering from the vegetation is
given by the backscatter coefficient of the vegetation layer, o, , weighted by the

veg

area-fill factor.

In Equation (5.1) double-bounces and higher order reflections are not taken into
account. This assumption is valid at C-band because of the strong attenuation of the
wave within the first metres of the tree canopy. At L-band the larger penetration
depth can involve a non-negligible effect of the trunk-ground double bounce on the
total backscatter. Depending on polarisation, incidence angle and assumptions on the
type of scatterers within the canopy and on the ground, different results have been
obtained.

For eight coniferous stands imaged at 29.7°, (SUN & SIMONETT, 1988) conclude that
the interaction of tree trunks and ground is fundamental for explaining the
backscatter. Multi-angle simulations reported in (SAATCHI & MCDONALD, 1997)
show the dominance of branches and tree-ground double-bounces. Similar
conclusions can be found in (SUN et al., 1991), where the trunk-ground interaction in
discontinuous coniferous forests is reported to increase for increasing incidence
angle. Nevertheless, (SUN, et al., 1991) and (KARAM, et al., 1992) questioned how
much the effect of a rough ground surface could alter the results. For loblolly pine
forest (DOBSON et al., 1992) observed that the backscatter is not dominated by the
trunk-ground interaction. Using AIRSAR L-band data with an incidence angle
between 40° and 50°, it was concluded that the main scattering comes from the
branches.
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The investigations reported in this thesis are based on the assumption that the double
bounce is less important than the direct scattering from ground and vegetation.
Previous investigations have showed the possibility of modelling L-band forest
backscatter, considering these two contributions only (ASKNE, et al., 1995;
ISRAELSSON et al., 1995; FRANSSON & ISRAELSSON, 1999). Although not fully
correct, the assumption can be explained taking into account the coupled effect of the
partial attenuation of the electromagnetic wave in the canopy and the non-perfectly
flat ground in boreal forests. The rough topography of the ground can significantly
deflect the double-bounce away from the radar while the thick and dense canopy can
strongly attenuate the incoming wave. Support to the assumptions could be found in
penetration depth values reported in (CHAUHAN, ef al., 1991; SHINOHARA et al.,
1992) (4 to 10 m). (FLEISCHMAN et al., 1996) reported median two-way attenuation
values for HH polarisation of 13 to 17 dB for mature forests at 30° to 45° depression
angles. Similar values were obtained in (ULABY et al., 1990b) where at an incidence
angle of 40° one-way attenuation of approximately 10 dB was measured in mature
pine forests with a 4 m thick crown. Concerning the effect of a rough ground on
JERS double-bounce strength, (PULLIAINEN et al., 1999) used a Water Cloud type of
model in boreal forests. They found a double-bounce term in the model negligible,
probably because of the rough ground. The combined effect of rough surface and
strong attenuation in boreal coniferous and broadleaf types of forest explained the
negligible double-bounces in AIRSAR data acquired at 35° incidence angle (RANSON
& SUN, 1994). During freeze/thaw events, (WAY et al.,, 1994) showed that the
dominant scattering mechanism according to the MIMICS and the Van Zyl scattering
models is the direct scattering from the crown for white and black spruce and balsam
poplar.

Further support to the assumption was found in a study carried out in an area close to
Kattbole. The importance of surface, volume and double-bounce scattering was
investigated with polarimetric L-band imagery acquired by EMISAR. (BAKER &
LUCKMAN, 1999) showed that volume scattering is predominant and double-bounces
occur only in a few forests. The similar soil and forest type conditions at the two test
sites were considered important to explain the “two-contributions” modelling
approach used in Kittbole.

Both ground and vegetation backscatter coefficients are assumed to be constant in a
forest. This is equivalent to saying that the variability of the scattering properties in a
forest is neglected. At C-band the assumption is correct because only the upper part
of the canopy contributes to the backscatter from the vegetation. At L-band we can
interpret the vegetation backscatter as an “equivalent” vegetation coefficient obtained
from the integration of the volume backscatter in the tree canopy.

In order to highlight the scattering components from the ground and the vegetation,
Equation (5.1) can be rearranged as:

o4, =o' T, +0o,(1-T,,) (5.3)

for veg
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The two scattering components are weighted by the two-way transmissivity through
the forest canopy, Ty, This coefficient expresses how much a wave penetrates into
the vegetation considered as a uniform medium. Comparing Equations (5.1) and
(5.3), the two-way forest transmissivity is given by:

T, =|1-n)+ne] (5.4)

The first term takes into account the contribution due to the gaps between trees. The
second term is related to the transmissivity through the single trees. At X- and C-
band, microwaves get strongly attenuated within the first few metres of the tree
canopy, thus making the term negligible (HENDERSON & LEWIS, 1998; ASKNE et al.,
1999; DAMMERT, 1999). In this case, Equation (5.4) can be simplified as follows:

Tforzl_n (55)

The simple relationship between area-fill factor and two-way transmissivity
measured from the helicopter borne scatterometer HUTSCAT has been illustrated in
(ASKNE, et al., 1999). Although long error bars characterised the measurements of
both parameters, the two quantities clearly correlated.

Although the area-fill factor is a valid parameter for explaining the forest backscatter,
it is not commonly measured and used in forest inventory. If the WCM is to be used
for any inversion purpose, the model needs to be expressed in terms of a widely
accepted forest parameter. Using HUTSCAT measurements, (PULLIAINEN, et al.,
1994) has expressed the two-way forest transmissivity as e, where V is the stem
volume and £ is an empirically defined coefficient. The total forest backscatter in
Equation (5.3) can therefore be expressed as function of stem volume:

ot =ot (1-e? )+ate” (5.6)

veg

and Equation (5.4) can be rewritten as:

1—e?

n=——-a (5.7)

l-e

Despite its more useful formulation for an application, the backscatter is only
indirectly expressed in terms of the principal scattering agent, not taking into account
that several forest structures can be characterised by the same stem volume. The
reader can refer to Section 6.3.2 for a practical example.

5.3 Interferometric Water Cloud Model

The Interferometric Water Cloud Model was introduced in (ASKNE, et al., 1995;
ASKNE & SMITH, 1996; ASKNE et al., 1997; ASKNE, et al., 1999) and fully described
in (DAMMERT, 1999; SANTORO et al., 2002; ASKNE et al., 2003). Similarly to the
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Water Cloud Model, the IWCM expresses the total forest coherence as sum of two
contributions coming from the vegetation and the ground:

O-or Gor G\?e a — jal
Vi =0 =1 oy T+ Ve (—J(e =T, )} (5.8)
for for Sfor

with o7 being the forest backscatter given in Equation (5.1) and @ the InSAR

system geometry coefficient:

0=, (5.9)
ARsin @

where B, represents the normal component of the baseline, R the slant range, A the
radar wavelength and @the local incidence angle.

Despite its length and apparent complexity, the IWCM is a reasonably simple model.
The IWCM explains the forest complex coherence using the straightforward
approach presented in the WCM. It includes the vegetation contribution and the
ground contribution for the parts of signal a) scattered from the forest floor directly
seen through the gaps and b) attenuated by the tree canopy. Furthermore it takes into
account volumetric decorrelation and InSAR geometry effects. Comparing with
Equation (2.14), it is possible to observe that all decorrelation sources have been
included in the model.

In order to get a clearer picture of the IWCM, the model is reported in terms of the
ground and the vegetation components:

o o

T, o,
r, =0-n)y,—+ny,—*T,, (5.10)
for o-for
O @ i
Dieg =17 veg Gog [—a_ ; j(e sl —T,) (5.11)
for Ja)

The ground term is related to the temporal coherence of the ground, j., and the
fraction of ground backscatter with respect to the total forest backscatter. The first
term represents the coherence of the ground seen through the gaps; the second
expresses the coherence of the signal scattered from the ground and attenuated by the
canopy. The vegetation term in Equation (5.11) includes the three factors
determining the total coherence due to vegetation: temporal effects, volume effects
and InSAR geometry. The three components represent the coherence of the radar
signal in a volume with a thickness equal to # and an attenuation given by «, seen
from two positions separated by a baseline equal to B,. The temporal component is
given by the temporal coherence of the vegetation, x.,, weighted by the fraction of
vegetation backscatter with respect to the total backscatter. As for the backscatter
coefficient of the vegetation, x., 1s assumed to be constant, i.e. independent from
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horizontal and vertical heterogeneities. The volume decorrelation due to a scattering
layer with attenuation o and height 4 is given by the first complex quantity in
brackets (ASKNE, et al., 1997). Finally, by analogy to topographic phase, the
complex exponential in (5.11) includes the effect of INSAR system geometry, which
is related to the fact that the radar is seeing a target characterised by a topography
related to the forest height (see Chapter 8 for details).

The generalized formulation of the IWCM in Equation (5.8) can be simplified if the
SAR frequency is high. As already mentioned, at high frequency the two-way
attenuation per metre, «, is rather high so that the two-way tree transmissivity
becomes negligible. In this case, the amplitude of the volume decorrelation is equal
to 1 and Equation (5.8) becomes (see Appendix A):

o o

Oy, Oreg - iolh—a™
Vior =V G—f(l — 1)+ e G—oge soli-ar?) (5.12)
for Sfor

The first term represents the ground contribution, /g, whereas the second term
expresses the vegetation contribution, /5.,. The approximation can be considered
valid at C-band but not at L-band, for which the full IWCM must be used. At C-band
however it must be noticed that for baselines at which @ =@ there is a non-
negligible volume decorrelation and therefore it is not correct to use Equation (5.12).

The IWCM presented in Equation (5.8) describes the forest complex coherence as a
function of area-fill factor. As for the Water Cloud Model, it is possible express the
forest complex coherence and the two contributions in terms of stem volume by
using the transformation given in Equation (5.7):

o’ o’ —jeh(V) _
VeV =y g —e? 4y, —t(l—e? ]| 2| & T (5.13)
‘ Gfor O-for a— ] w 1 - T;ree
oo
r, )=y, e ” (5.14)
Jfor
o, a e -T
= ve. -p tree
rvgg(V)—Vvega—f(l—e V{a_jwj( — (5.15)
Jor tree

The simplified version of the model in Equation (5.12) becomes:

o’ o’ . .
PV =7 ety (1o (5.16)
for for

In Equations (5.13), (5.15) and (5.16) the tree height has been expressed as function
of stem volume, 2=h(V), in order to restrict the dependency of the total coherence on
just one forest parameter. Equation (5.16) shows that for increasing stem volume, i.e.
for a thicker canopy and a denser forest, the contribution from the ground decreases.
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The vegetation term instead increases. The slope in both terms depends on the
temporal coherence factors, on the backscatter ratios and on the two-way forest
transmissivity coefficient, as well as on volumetric effects and InSAR geometry (see
Section 5.4.1).

When B, # 0, the complex exponential introduces a phase term related to height of

the scattering centre of the vegetation, (h —a ), i.e. the height of the forest, 4, minus

the penetration depth, . If the normal component of the baseline goes to zero, the
volume decorrelation disappears and the forest coherence is determined by the
coherence of the individual components weighted by their backscatter and the area-
fill factor / stem volume. If B, =0 is assumed, the simplified version of the IWCM

reduces to the empirical model presented in (KOSKINEN et al., 2001). If one further
assumes the independence of the forest backscatter from stem volume (i.e.

o _ o __ o ..
Oy =0 g =0,,,), We obtain:

veg

Vo) =70 + 71— (5.17)

Although these simplified models may well describe the relationship between stem
volume and coherence, none of them take into account the baseline effects and the
forest height. In such cases the model coefficients should not be interpreted as
ground and vegetation coherence and backscatter but rather as regression parameters
(SKINNER, 2002; WAGNER et al., 2003). In Chapter 6 the importance of taking into
account volume decorrelation and InSAR system geometry effects when fitting the
model to experimental data will be shown.

5.4 Properties of the IWCM

5.4.1  Graphic representation of the IWCM

A simple way to describe the IWCM is to use a graphic representation in forms of
vectors in the complex plane (Figure 5.2). For this purpose, let us start from the

simplified version reported in Equation (5.16). The ground contribution, /g, is a real
function of stem volume, and is directed along the horizontal axis. The length of this
vector depends on ground coherence and backscatter, and decreases for increasing

stem volume. The vegetation contribution, [,',eg, includes both a real and an
imaginary term. The amplitude of the vector is determined by the vegetation
temporal coherence and the vegetation backscatter contribution, thus increasing for
increasing stem volume. The phase of the vector depends on the topography seen by
the radar at the frequency used. In other words, the forest introduces a topography
given by the height of the tree scattering centre, which depends on the penetration of
the wave into the tree canopy. As stem volume increases, the vector becomes longer
and rotates with a rate determined, at a given frequency, by the baseline length and
the tree attenuation.
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Forest complex coherence, 7or

Fveg, Vegetation contribution

I, Ground contribution

Figure 5.2. Representation of the total forest complex coherence in terms of a real
vector (ground contribution) and a complex vector (vegetation contribution) that
includes volume decorrelation and InSAR effects.

If the coefficient of the InSAR system geometry, @, and the two-way tree
attenuation, ¢, are of the same order, the approximation of Equation (5.16) is not
valid anymore and the total vegetation contribution vector is represented by a sum of
two vectors (see Equation (A.7)). This is commonly the case of ERS pairs with long
baseline and JERS pairs, independently of the baseline length.

The sum of the ground and the vegetation vectors returns the forest complex
coherence vector. As stem volume increases, the ground contribution vector
decreases in size, whilst the vegetation vector increases and rotates. The vector of the
ground contribution decreases quicker than the vegetation contribution vector
increases, thus decreasing the length of the total forest coherence vector. The speed
of the rotation is a function of the normal component of the baseline and the

Y for
phase, @, is the phase of the forest seen by the radar and is determined by the
penetration of the wave into the canopy. The total forest phase ¢y, returns the
interferometric tree height (DAMMERT et al., 1995). The true tree height is instead
related to ¢y, the phase difference between the forest and the ground level. The
phase ¢, would be the phase ¢y, in case the forest allowed only surface scattering at
its top and there had not been any penetration into it. For a theoretically full canopy

without ground contributions, the total complex coherence vector, ., would
coincide with the vegetation term.

frequency. The amplitude, , represents the total forest coherence while the

Figure 5.3 shows the trajectories described by the extremes of the ground
decorrelation vector, the vegetation decorrelation vector and the total forest complex
coherence, as function of sensor, i.e. radar frequency, and baseline. Since the ratio of
the ERS and JERS critical baseline is equal to approximately one third, it was
decided to adopt these criteria for the baseline values so that the InSAR effects could
be considered as similar as possible. The upper plots simulate the forest behaviour in
two ERS interferometric one-day pairs having normal components of the baseline
equal to 70 and 200 m respectively. The lower plots illustrate the forest behaviour in
two JERS pairs, with normal component of the baseline equal to 300 and 1000 m.
Values for the five parameters were given according to previous observations and
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expected values for dry-unfrozen conditions (see Chapter 6). For increasing stem
volume, the length of the ground term decreases (i.e. the extreme of the ground
vector moves along the Re axis towards the left), whereas the vegetation term
increases in length and rotates (i.e. the extreme of the vegetation vector starts from
the origin and describes the green trajectory clockwise). Hence, the total forest
complex coherence vector describes the black trajectory clockwise and decreases in
length. The impact of the rotation on the complex coherence becomes particularly
significant at long baselines. In particular the rotation is stronger in an ERS than in a
JERS pair. This is due to the smaller penetration of the wave into the canopy so that
the percentage of ground seen is smaller. The total phase of the forest, ¢@,, is
therefore more sensitive to the stem volume.

ERS-Bn=70m ERS - Bn =200 m

1 1
| |
: :
0.5 | 0.5 |
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Figure 5.3. Trajectories described by the extremes of the ground decorrelation
vector (red), the vegetation decorrelation vector (green) and the total forest
coherence vector (black) for increasing stem volume. The ERS (a) and (b) cases were

determined using yg = 0.7, Vg = 0.25, = 0.006 ha/mS, U; =-9dB, 0° =-8dB

veg
and o = 2 dB/m. The JERS (c) and (d) cases were determined using yg = 0.5, Vreg =
0.2, p=0.004 ha/m’, 0'; =-10dB, ¢’ _ = -6 dB and a = 0.5 dB/m. The interval of

veg
stem volume was [0, 350] m*/ha.
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For a given SAR system, the total forest phase should increase for increasing tree
height, i.e. for increasing stem volume. According to the model, when the vegetation
contribution vector has rotated 180°, the coherence reaches a minimum and then
increases. Using the expression of the phase term in Equation (5.16) and the relation
in Equation (3.1), the stem volume at which the IWCM predicts a minimum for
coherence (¢p=r) is (SANTORO, 2001):

ARsin @
4B

n

(5.18)

min

VA :lb
a

where we have assumed that the effect of the coefficient « is negligible. According
to Equation (5.18), the stem volume at which the model predicts an oscillation in the
coherence decreases for increasing normal component of the baseline. For the ERS
mission, at B, shorter than 150 m the oscillation occurs only if the range of stem
volume interval exceeds 500 m’/ha, a very rare situation in boreal forests. More
realistic is the case for pairs with normal baselines around 200 m, when the
oscillation occurs at around 300 m*/ha, a value typical of dense boreal forests.

5.4.2 Model-based tree height

The interferometric tree height is always below the true tree height. It is determined
by the radar frequency and by how much ground is covered by the vegetation. At
high frequency and for a dense canopy, the interferometric height should be almost
coincident with the true height. Although theoretically correct, in a repeat-pass
configuration the scatterers within a resolution cell have time to move and change
their position between two acquisitions. The unstable nature of the vegetation
determines a remarkable decorrelation within the cell, thus preventing an accurate
determination of the position of the scattering centre and limiting the use of the
repeat-pass InSAR phase for tree height estimation (see Chapter 8).

Although the interferometric tree height only represents a scattering property of the
forest but not the true height, Figure 5.2 shows that it is possible to use the IWCM to
compensate the interferometric height to obtain the true height. Using the “Sine
Rule”, ¢y, can be expressed as follows:

¢veg = Sil’l_l [‘71:/_”‘ sin ¢/‘0r] (5 1 9)

veg

thus linking the phase of the vegetation slab to the measured coherence and InSAR
phase. The phase ¢, represents the phase of the vegetation decorrelation term, /g,
and therefore is related to the true height. The estimation of the true tree height is
governed by a complex expression (see Equation (5.11)) but becomes rather simple
in case @ <<, i.e. for high frequency and not too long baseline, which is common
for ERS pairs. Looking at Equation (5.16), the amplitude and the phase of the
vegetation decorrelation term are given by:
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1
¢veg = _a)(h - ;j = _a)hint (521)

where A;,, represents the interferometric tree height, i.e. the true tree height minus the
penetration depth. Rewriting Equation (5.21) in terms of interferometric tree height,
we obtain:

(4 o

from which, by inserting Equation (5.19), we can finally write:

h=—Lgin® [Vﬂsm (p,o,] L (5.23)
w (04

veg
This Equation relates the true tree height to measurements of coherence and InSAR

phase, i.e. the interferometric tree height, thus performing a compensation using the
penetration depth into the tree canopy.
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Chapter 6

SAR and InSAR forest modelling: results

In the Water Cloud Model and the Interferometric Water Cloud Model several
parameters are not known beforehand but must be estimated from a set of stem
volume, backscatter and/or coherence measurements. This operation is referred to as
“model training” or simply “training”, whereas the measurements used form the
“training” set. Unless specified, at each test site training was performed using all the
stands available.

Section 6.1 illustrates the methods that can be used depending whether InNSAR data
are available or not. WCM and IWCM training based on ERS SAR and InSAR is
described in Section 6.2, whereas Section 6.3 focuses on the training of the WCM
using the JERS SAR backscatter.

6.1 Model training procedures

In Equation (5.6) describing the WCM three parameters are unknown: the ground
and vegetation backscatter coefficients (o, and o) and the two-way forest

veg
transmissivity coefficient, f. The three parameters can be estimated with a simple
non-linear regression using a least squares approach that minimises the sum of the

squared differences between measured backscatter, & °mes.i, and model-based
backscatter, o, for each training sample:

2

[aomeas,f—a.”(ao o’ ﬂ)] =min (6.1)

i gro = veg?

M-

In order to obtain a correct fit, the uncertainty in the backscatter measurements must
be as small as possible. Because of speckle, training should not be carried out at pixel
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level but rather use mean values of the backscatter in areas that contain a sufficient
number of independent looks. Training at stand level is suitable because a reasonable
amount of stands in boreal forests are big enough to satisfy the size requirement.
Moreover, since stands by definition cover areas where trees have similar properties
and are homogeneously distributed, the standard deviation of the backscatter should
be small. The measured backscatter o ’meas: 1s therefore given by the mean intensity
value within the i stand. Before averaging, the edges along the stand perimeter
should be eroded in order to limit the effects of mismatches between backscatter
images and the digital forest stand map used for extracting the backscatter signatures,
the thickness of the buffer zone depending on the positional accuracy of the images.

o
gr?

estimation of five unknown parameters from interferometric data would undoubtedly
introduce relevant uncertainties in each factor. To overcome this problem, the
backscatter measurements and the WCM can be used as well. Since the WCM

already includes o, , o, and f, the ground and vegetation temporal coherence are

gr? veg

The IWCM contains five unknowns (o, , o,,, 5, 7, and 7,,). A simultaneous

the remaining unknowns in the IWCM. The determination of two parameters is
certainly feasible, making a coupled WCM-IWCM training procedure more suitable.

Rigorously speaking, in the IWCM the two-way tree attenuation coefficient, «,
should also be treated as unknown. Studies at C-band have shown that the
penetration depth within coniferous forest canopies is of the order of a couple of
metres, corresponding to a two-way tree attenuation of approximately 2 dB/m. These
results support the assumption of using a constant & when modelling ERS coherence
data (DAMMERT, 1999). At L-band, the penetration depth has been reported to vary
between 4 and 10 m (see Chapter 5), corresponding to « values between 0.4 and 1
dB/m. The larger interval of possible values does not allow the same simplification
adopted in the ERS case. Nevertheless, since the quality of the L-band coherence
data available was poor, the IWCM could not be trained, thus leaving the topic open
to future investigations.

A problem that can affect the estimation of the IWCM parameters is represented by
the InNSAR phase. The IWCM in Equation (5.13) expresses the complex coherence as
function of stem volume, thus implying that both coherence and InSAR phase
measurements can be used in the training. The correlation between coherence and
stem volume is much bigger than between InSAR phase and stem volume (Figure
6.1), at least in the ERS case, because of the strong phase noise (see Chapter 8).
Furthermore, the significant errors due to atmospheric artefacts make InSAR phase
almost totally unreliable for correct model training. For these reasons, INSAR phase
measurements have been discarded and coherence only has been used.

As for the backscatter, the set of unknown parameters can be estimated by means of
a minimisation based on least squares:

N
> [7meas,i ~7i (?’graﬂfvgga B, a;,afeg) =min (6.2)

i=1
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where y, . . represents the measured coherence and y, the model-based coherence

from Equation (5.13) for the i" sample in the training set. In both cases we are
referring to the amplitude of the complex coherence. If a coupled WCM-IWCM
regression together with Equation (6.1) is performed, Equation (6.2) will contain two
unknowns.

1.2f
1.4}
0'8;* - = 16
¥ S 18 % * * F "E
So6r »* Hxs ¥
[ Q 2t
@ * o0 y * ®
o ek PP *
< 04 * % * o & #?% *;
. r . %
0 * < 24% % f *%% %
2 28 gy i
0.2 P *
3t *
0 ! 1 1 1 ! !
0 100 200 300 0 100 200 300

Stem volume [mslha] Stem volume [mslha]

Figure 6.1. Coherence and InSAR phase versus stem volume (Pearson’s correlation
coefficient equal to -0.86 and 0.17 respectively). The data have been acquired over
Kdtthole on 21-22 April 1996. The uncertainty in the coherence estimates is
negligible.

Independently of the procedure applied, the quality of the model fit depends on the
accuracy of the coherence estimates. As illustrated in Chapter 2, the choice of the
estimator is fundamental, especially in forested areas because of the typical low
coherence. Assuming that the best possible estimate has been obtained, once again it
is preferable to work at stand level rather than on a pixel basis. Averaging in areas of
the size of a stand decreases the noise in the coherence estimates. The importance of
edge-eroded stands is even more crucial than in the previous case because of border
effects due to the window-based estimation of coherence.

6.2 Model training with ERS data

ERS backscatter and coherence modelling involves the following issues:
. WCM and IWCM training procedure.

. Properties of the WCM and IWCM parameters estimates.

. Estimation of area-fill factor.

o Sensitivity of the models to the two-way tree attenuation factor.
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6.2.1  Training procedure

The availability of both backscatter and coherence measurements suggests a coupled
regression using Equations (6.1) and (6.2). A major drawback of such approach is
represented by the quality of the backscatter data. If the backscatter is affected by

large spread, the three parameters o,., oy, and S will suffer from remarkable

veg
uncertainty. When further training the IWCM, the uncertainty will propagate to the
estimates of the remaining two parameters, introducing significant errors. In order to
avoid error propagation, the model training procedure should take into account the
different information content of the two types of data. The backscatter is generally
spread out and has a small dynamic range. The coherence is in many cases not
affected by spread of values and shows a clear decreasing trend for increasing stem
volume. Coherence can therefore be considered more reliable for training, whereas
the backscatter is used as support.

To confirm this assumption, the models were trained according to both a step-wise
procedure and an iterative procedure. The step-wise method consisted of determining
the three unknowns in the WCM using Equation (6.1). The estimates were then
introduced in the IWCM and Equation (6.2) was used to obtain values for the
remaining unknowns. In most cases, the training stopped at the first step because of
the large spread of the backscatter and the little correlation between backscatter and

stem volume. Estimates of o, , oy, and S were either out of the range of realistic

veg

values or affected by large uncertainty.

The iterative procedure expressed the idea reported above, that the coherence should
drive the training, whilst the backscatter refines it (SANTORO ef al., 1999; SANTORO
et al., 2000; SANTORO et al., 2002). The procedure started with an initial estimation
of f from coherence measurements using Equation (6.2), under the assumption that
the two backscatter coefficients are equal. Such assumption is reasonable at C-band
because of the small dynamic range. The initial estimate of  was then used in

Equation (6.1) to determine o, and o, . Having already available an initial

estimate of f obtained from training the IWCM, the number of unknowns in the
WCM decreased to two, thus making the estimation of the two backscatter
coefficients less noisy than in the previous approach. The estimates of the backscatter
coefficients were finally introduced in Equation (6.2) to compute new values of £, 7,
and .. At this stage the first iteration had finished. The refined estimate of S was
used to provide refined estimates of the two backscatter coefficients, which in turn
were introduced in the IWCM to refine the coherence parameters and S. The iteration
was carried on until the values of all parameters did not show any remarkable
change. With this procedure, the perturbation introduced by the backscatter
measurements in the estimation was limited and a fit to the measurements included in
the training set was obtained.

To prove the goodness of the fit, the results from the iterative procedure were
compared to estimates provided by a more rigorous but time and memory demanding
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approach. A five-dimensional matrix of possible values for each unknown was
created and all possible combinations were used to train the IWCM. The combination
for which the root mean square error of coherence reported in Equation (6.2) was
smallest corresponded to the best fit. The best fit obtained with this procedure and
the estimates obtained with the iterative approach were very similar and the IWCM
curves perfectly overlapped, thus showing the reliability of the coupled iterative
procedure.

6.2.2  Model fitting

Figures 6.2 and 6.4 illustrate the results of the regression between stem volume and
coherence respectively in Kittbole and Tuusula, whereas Figures 6.3 and 6.5 show
the results of the regression between stem volume and backscatter. The Figures show
the ability of the two models to describe the relationship between the remote sensing
quantities and stem volume, and their robustness for several environmental
conditions (compare with Table 3.3).

For increasing stem volume the sign of the slope in the model-based backscatter
curve depended on the dielectric properties of the ground (see Chapter 4). The curve
either increased or decreased, reaching a constant level already at low stem volume.
Saturation could be observed both in Kittbole and in Tuusula. In several cases the
WCM returned an almost horizontal line. The coherence showed much higher
sensitivity to stem volume than the backscatter. It decreased for increasing stem
volume, with a slope that depended on the weather conditions, suffering from
saturation only when environmental changes occurred during the period of
acquisition.

One case of discrepancy between modelled and experimental data was found in
Tuusula on the 29-30 March 1996, the discrepancy being clearer in the backscatter fit
(Figures 6.4 and 6.5). The coherence was high for very sparse forest stands and
significantly dropped in slightly denser forests, reaching a saturation level. To
explain this behaviour it can be assumed that between acquisitions the dielectric
properties of the snow had changed in forested areas (i.e. under the canopy) but not
in clear cuts. The weather conditions reported snowfall, temperatures around the
freezing point and snow on the ground. Unfortunately the data set of snow
measurements could not confirm this assumption.

6.2.3  Model parameters estimates

Although we tried to limit the inaccuracy of the o, and oy, estimates with the

iterative procedure, the large spread of the data introduced significant uncertainties in
both backscatter coefficients. The two-way forest transmissivity coefficient S also
suffered from uncertainty because it was determined simultaneously from the
backscatter and the coherence data. Since coherence measurements were commonly
characterised by little spread, the uncertainty in the estimates of j, and p., was
small. This was particularly the case in Kéttbdle, whereas in Tuusula a slightly larger
dispersion of the coherence data was noticed. Possible reasons for the different
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Figure 6.2. Coherence measurements and modelled coherence using the IWCM
expressed as function of stem volume, between 0 and 350 m’/ha. Test site: Kitthile,
42 stands.

spread could be related either to the forest structure or to the accuracy of the
measurements. Assuming that the forest management was carried out at the two test
sites in a similar manner, the higher uncertainty in the ground-truth data at the
Finnish test site could explain the larger dispersion of coherence and backscatter.
Since the area under investigation in Tuusula is not much larger than in Kéttbole, the
effect of spatial variability of the environmental conditions on the two remote
sensing quantities was considered negligible.

The IWCM is based on the assumption that the backscatter does not change between
two acquisitions (ASKNE et al., 1997). This did not seem to be the case in several
pairs; therefore, the effect of temporally variable backscatter on the model was
analysed. For each pair the training was performed first by using the ERS-1 and then
the ERS-2 backscatter measurements. The values reported in Tables 6.1 and 6.2
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Figure 6.3. Backscatter measurements and modelled backscatter (in dB) using the
WCM expressed as function of stem volume, between 0 and 350 m’/ha. Test site:
Kdttbole, 42 stands.

show that the estimated temporal coherence coefficients, j, and j.s were not
affected by changes of the backscatter. In other words, the sensitivity of the IWCM
to backscatter changes is minimal.

The rather large number of images over Kéttbole and Tuusula allowed investigating
the properties of the five unknown model parameters and their dependence upon
meteorological conditions.

A significant interpretation of o, and oy, estimates could not be carried out

because of the dispersion of the data and the saturation. The analysis of the dynamics
of both parameters is in line with the results reported in Chapter 4, to which the
reader is referred.
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Figure 6.4. Coherence measurements and modelled coherence using the IWCM
expressed as function of stem volume, between 0 and 550 m’/ha. Test site: Tuusula,
37 stands.

Meteorological events at or between acquisitions (namely rainfall, variation of soil
moisture and snowmelt) partially or totally decorrelated the scene. Several cases
were registered both in Kéttbole (June, July and September 1995) and in Tuusula
(September and October 1995, April, June and July 1996). For increasing stem
volume, in some cases the slope became almost flat and the sensitivity of coherence
to stem volume decreased or disappeared. The temporal coherence of the ground, g,
which for stable conditions has values above 0.7, was always below this level. A
correlation between ground coherence and changes of the moisture content on the
forest floor could not be computed. Nevertheless from the meteorological data it
could be inferred that y, decreased for increasing amount of rain precipitation or
snowmelt.
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Figure 6.5. Backscatter measurements (in dB) and modelled backscatter using the
WCM as a function of stem volume, between 0 and 550 m’/ha. Test site: Tuusula, 37
stands.

Several pairs were acquired when the temperature was around or below the freezing
point. An overall high coherence was observed under frozen conditions (October
1995 and 16-17 April in Kéttbole and 2-3 March 1996 in Tuusula). This result could
be explained in terms of an increased transparency of the canopy so that the
scattering would have arisen at more stable parts of the vegetation. A similar
situation did not occur for the 17-18 and 29-30 March 1996 pairs acquired over
Kittbole and Tuusula respectively. In both cases the temperature was just below the
freezing point, nevertheless the vegetation coherence was much lower. Since detailed
measurements of snow parameters were not available, it was not possible to explain
such results if not as a result of dielectric decorrelation due to snow on the canopy.
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Image date Yr Yoeg | B [ha/m’] | © o [dB] | o, [dB]

0.18 | 0.11 0.0140 -7.3 -7.4
11-12 June 1995

0.18 | 0.11 0.0142 -8.6 -8.8

0.18 | 0.06 0.0059 -8.6 -7.6
16-17 July 1995

0.18 | 0.06 0.0072 -8.0 -7.8

0.77 | 0.35 0.0074 -9.3 -8.0
20-21 August 1995

0.77 | 0.35 0.0070 -9.9 -8.3

0.40 | 0.22 0.0059 -9.2 -8.0
24-25 September 1995

0.40 | 0.21 0.0070 -9.0 -9.0

0.74 | 0.59 0.0072 -8.7 -8.4
29-30 October 1995

0.74 | 0.59 0.0084 -8.7 -9.3

0.78 | 0.18 0.0041 -8.1 -9.5
12-13 March 1996 (a)

0.78 | 0.22 0.0034 -8.9 -9.4

0.69 | 0.19 0.0073 -8.6 -9.5
17-18 March 1996

0.69 | 0.18 0.0068 -9.4 -9.9

0.82 | 0.57 0.0065 -7.9 -7.9
16-17 April 1996 (a)

0.82 | 0.57 0.0071 -7.6 -8.3

0.85 | 0.36 0.0063 -7.3 -8.1
21-22 April 1996

0.85 | 0.34 0.0055 -8.1 -8.3

Table 6.1. Estimates of the five unknown parameters in the WCM and the IWCM in
Kdttbole. The training set consisted of 42 stands with stem volumes between 8 and
335 m’/ha. For each interferometric pair, the training has been performed using the
ERS-1 and the ERS-2 backscatter separately, thus explaining the presence of two sets
of estimates for each pair. (a) stands for ascending pass.
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Image date Yar Yoeg | B [ha/m’] | © o [dB] | o, [dB]

0.34 | 0.17 0.0085 -8.3 -7.9
9-10 September 1995

0.34 | 0.17 0.0091 -7.6 -7.6

0.53 | 0.23 0.0008 -8.5 -6.2
14-15 October 1995

0.53 | 0.22 0.0007 -9.2 -6.1

0.70 | 0.56 0.0031 -7.9 9.2
2-3 March 1996

0.70 | 0.56 0.0031 -8.4 -9.5

0.80 | 0.34 0.0377 -7.7 -8.9
29-30 March 1996 (a)

0.80 | 0.34 0.0427 -7.3 -9.5

0.29 | 0.29 0.0007 -8.8 -4.5
6-7 April 1996

0.29 | 0.29 0.0009 -9.0 -6.0

0.48 | 0.54 0.0014 -9.0 -8.4
17-18 April 1996 (a)

0.48 | 0.54 0.0016 -9.3 9.1

0.43 | 0.15 0.0028 -7.6 -7.0
15-16 June 1996

0.43 | 0.15 0.0031 -8.3 -8.0

0.57 | 0.00 0.0013 -7.8 -6.8
20-21 July 1996

0.57 | 0.00 0.0015 -1.7 -7.4

Table 6.2. Estimates of the five unknown parameters in the WCM and the IWCM in
Tuusula. The training set consisted of 37 stands with stem volumes between 3 and
535 m’/ha. For each interferometric pair, the training has been performed using the
ERS-1 and the ERS-2 backscatter separately, thus explaining the presence of two sets
of estimates for each pair. (a) stands for ascending pass.

79



6. SAR and InSAR forest modelling: results

The estimates of the coefficient of the two-way forest transmissivity S were strictly
related to the stability of the environmental conditions, i.e. to the level of ground
coherence. When the two images were acquired under the same environmental
conditions and no meteorological event occurred between acquisitions, the values
obtained from the regression were rather constant between 0.005 and 0.008 ha/m’
(August and October 1995, 17-18 March 1996 and April 1996 in Kittbole). These
values were furthermore in accordance with the regression values of approximately
0.005 ha/m’ found using HUTSCAT (PULLIAINEN ef al., 1994) and ERS data

(KURVONEN et al., 1999). The two-way forest transmissivity, e *" , rapidly increases,
reaching a saturation value in forest with a thick canopy closure. The variability of
the estimates was explained in terms of the spread of the training data, in particular
the backscatter. For stable winter-frozen conditions (12-13 March 1996 for Kittbole
and 2-3 March 1996 for Tuusula), the coefficient was slightly lower, 0.003 ha/m’,
which could have been due to the frozen state of the trees that made the canopy more
transparent to the incoming wave. In case of variations of the environmental
conditions (rainfall before or between acquisitions, snowmelt, snowfall), according
to the estimates the forest was mostly either almost completely transparent or
impenetrable (all other pairs). It was possible to conclude that in such cases, although
the models could fit the data, § had lost its physical meaning, becoming a mere
regression factor.

In Chapter 5 the importance of the phase term related to the InSAR system geometry
and the volumetric decorrelation has been presented. To analyse the effect of this
term on the modelling, a comparison with results obtained using the zero-baseline
version of the IWCM reported in Equation (5.17) has been carried out. For pairs with
baseline below 100 m, the estimates of the five parameters did not show any
remarkable difference, both in Tuusula and Kéttbole. This result is consistent with
the fact that short baseline pairs are characterised by negligible volume decorrelation
and phase effects. For pairs with B, > 100 m the simplified model was able to fit the
data but the parameter values did not always have physical meaning. In Kittbole the
two pairs with B, > 200 m showed an unrealistic negative value for %.,, and a very
low value of £, i.e. an almost transparent canopy, whereas in Tuusula the results for
the three pairs with B, > 100 m were not showing clear trends, probably because of
the different weather conditions occurring at the time of the acquisitions and the
stronger noise in the measurements. These results indicate the importance of the
phase term in the IWCM on the modelling. Nevertheless more investigations should
be performed on pairs with long baseline, acquired for stable weather conditions over
forested areas with well-known forest properties.

6.2.4 Estimation of area-fill factor

In Chapter 5 it has been argued that it is better to express the WCM and the IWCM
in terms of stem volume rather than as function of area-fill factor because of the
more common use of the first parameter in forestry. Nevertheless, since the area-fill
factor is a measure of the canopy closure, it represents a fundamental property for the
explanation of the backscatter and the coherence measurements in forests. In our
investigations, although area-fill could not be used for training the models because
the measurements available at both test sites were too few and noisy, values collected
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at 18 stands in Kittbole were considered as support to the fitting procedure. Once £
was estimated, the area-fill factor was computed using Equation (5.7) and compared
to the measurements to indicate whether the estimated f was reasonable.

Areafill factor

i | 1 Il 1 Il
0 50 100 150 200 250 300 350
Stem volume [m3/ha]

Figure 6.6. Measured area-fill factor, model-based area-fill factor (full line) and
regression curve from Equation (5.7) (dashed line). The vertical bars represent the
variability of the area-fill factor measurements in a stand. The length of each bar is
equal to one standard deviation. The model-based curve was obtained from Equation
(5.7) using a = 2 dB/m and an average value for the estimates of 3 (0.0065 ha/m’).
For the regression curve a = 0.62 dB/m and 8= 0.0069 ha/m’ were obtained.

Figure 6.6 reports the comparison between the model-based area-fill and the set of
measurements collected in Kéttbole. The dashed curve represents the result of a least
squares regression to the area-fill measurements based on Equation (5.7) as function
of a and f. Although the regression curve was characterised by a two-way tree
attenuation lower than the values assumed so far (0.62 dB/m), the regression error
was similar to the values obtained for ¢ = 2 dB/m and g between 0.005 and 0.008
ha/m’. In particular the curve obtained from Equation (5.7), in which the mean value
of the realistic / estimates reported in Table 6.1 (0.0065 ha/m’) and o = 2 dB/m were
used, seemed to reasonably describe the relationship between area-fill and stem
volume, thus confirming the validity of the estimates of £ using the coupled iterative
training procedure.

6.2.5 Model sensitivity to the two-way tree attenuation

So far it has been assumed that the two-way tree attenuation, ¢, is constant and equal
to 2 dB/m. It is reasonable to believe though that the attenuation through the tree
canopy can be different depending on the season. During winter, the frozen canopy
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lets the incoming wave penetrate deeper; therefore, o should be smaller. To check
the sensitivity of the IWCM to the two-way tree attenuation, the model was trained
according to the iterative procedure, each time with a different value of a. This
approach was preferred to a simultaneous regression involving six parameters in
order to limit the uncertainty in the parameters estimates. The set of « used was in
the range of realistic values for the penetration depth, i.e. between 0.2 and 2 dB/m,
which corresponded to penetration depths between 2 and 20 m.
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Figure 6.7. Coherence (a), backscatter (b) and area-fill factor (c) as function of stem
volume, August 1995, Kdttbole. In (a) and (b) all the curves overlap. In (c) the slope
of the curves decreases for increasing a. The leftmost curve corresponds to 0.2
dB/m, the rightmost curve is obtained for o = 2 dB/m.
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To illustrate the effect of & on the backscatter and the coherence, Figures 6.7, 6.8 and
6.9 report the trend of the IWCM-based coherence curve, the WCM-based
backscatter curve and the area-fill factor regression curve as function of « for three
pairs acquired on August 1995, 12-13 March 1996 and 16-17 April 1996 over
Kittbole. The analysis focuses on Kéttbole because of the higher accuracy of the
ground-truth and the small spread of coherence and backscatter. The three pairs have
been chosen because they represented different seasonal conditions and baseline

lengths.

1 .
7t * *
* e
* *
L L o ok *
8 Rk F * * - Fok *
© o * *
g = e *
5 8 -9 L
"
S 5}
004 &
10+
02¢ 1l
0 : : ! -12 : : :
0 100 200 300 0 100 200 300
Stemvolume  ImShal Stem volume  TmS/hal
(a) (b)
1
P g =
0.8¢ ; _ae/% i [T
/ / ::/-i/* e |-
Sos F/ /’* i These three curves well describe the area
£ 1/ /4 / ) fill distribution. They correspond to «
= 0 I between 0.75 and 2 dB/m
Lo
02 /

0 100 200 300
Stem volume m3/hal

(c)

Figure 6.8. Coherence (a), backscatter (b) and area-fill factor (c) as function of stem
volume, 16-17 April 1996, Kdttbole. In (a) and (b) the curves overlap. In (c) the

slope of the curves decreases for increasing a. The leftmost curve corresponds to 0.2
dB/m, the rightmost curve is obtained for o = 2 dB/m.
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For pairs with short baseline, summarised by the August and the April pairs, it is
evident that model-based backscatter and coherence were independent of . Volume
decorrelation and InSAR system geometry effects were in these cases negligible
because of the short baseline. The area-fill factor plots indicate reasonable values for

a greater than 0.75 dB/m. Because of the relevant uncertainty in the area-fill factor,
it was not possible to further evaluate the precision of o
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Figure 6.9. Coherence (a), backscatter (b) and area-fill factor (c) as function of stem
volume, 12-13 March 1996, Kittbole. In (a) two sets of overlapping curves can be
seen. In (b) all curves overlap. In (c) the slope of the curves decreases for increasing
a. The leftmost curve corresponds to 0.2 dB/m, the rightmost curve is obtained for o
=2 dB/m.
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For pairs with long baseline, the volume decorrelation becomes relevant, i.e. the
modelled coherence should depend on a. The pair acquired in March (B, = 220 m,
winter-frozen conditions) indicated that the modelled backscatter is independent of
a, whilst for the modelled coherence two trends could be identified (Figure 6.9 a).
For weak attenuation the model predicted a curve bending at the around the highest
stem volumes measured in the forest estate, high vegetation coherence (y,,, =0.5)

and values for £ in accordance with previous observation (0.005 m’/ha). For «
greater than 0.65 dB/m the model-based coherence did not oscillate, y., was low
(7ve = 0.2) whereas S was slightly below the value reported for small .

From the coherence and the backscatter measurements it was not possible to
conclude which solution is correct. Although the second seemed to be more in line
with the theory, one could argue that the volume decorrelation summed up to the
InSAR term and introduced an oscillation in the model-based curve, which then
reached the asymptotic value given by the high x.,. High vegetation coherence has
been registered in pairs acquired under similar environmental conditions, making the
first solution reasonable. Unfortunately, the oscillation predicted by the model
occurred outside the range of stem volumes available, therefore it was not possible to
confirm the validity of such interpretation.

For further understanding, the regression to the area-fill factor was investigated. The
plot reported in Figure 6.9 ¢ shows that the trend in area-fill measurements was better
described when o was smaller than 2 dB/m. A weaker attenuation is reasonable
considering that the pair has been acquired in winter, during a period when the
temperature was below 0 "C, and the tree canopy should have been frozen. Although
these results indicate the possibility of a certain seasonal variability for «, they were
obtained in just one pair and were mainly supported by few and rather noisy area-fill
factor measurements. Nevertheless, they suggest further investigations using long
baseline pairs acquired in several seasons.

6.3 Model training with JERS data

Because of the limited amount and the poor quality of JERS coherence
measurements available, only the backscatter was modelled using the WCM. In a
similar manner to the ERS case, several points have been investigated:

e  Properties of the WCM parameters estimates.

o Estimation of two-way tree attenuation and penetration depth.
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Image date | oy, [dB] | o, [dB] 'B()[(hid (/)r?; ] a [Np/m] o [m]
15 April 1997 -9.2 -6.2 35 [15-45] 0.28 8 [6-19]
29 May 1997 -8.7 -3.9 22 [5-30] 0.17 13 [9-60]
12 July 1997 7.8 49 |46 [30-65] 04 |5 [3-9]
8 October 1997 -8.2 -5.0 54 [40 - 65] 0.5 4 [3-7]
4 January 1998 -8.3 -5.6 191150 - 200] 35.7 0 -
17 February 1998 | -10.0 -7.0 20 [5-30] 0.15 14 [9-60]
2 April 1998 29.6 6.0 |8 [5-10] 0.06 |38 [30-60]
16 May 1998 7.9 5.1 (38 [15-55] 031 |7 [4-19]
12 August 1998 -8.7 -54 49 [30-65] 0.44 5 [3-9]

Table 6.3. Estimates of the three unknowns in the WCM, the two-way attenuation per
metre and the penetration depth in Kdttbole (JERS case). The first three parameters
have been determined using 42 stands with stem volumes between 8 and 335 m’/ha.
After sensitivity analysis, the intervals of acceptable [ were included in brackets. The
backscatter parameters did not show any variation. Two-way tree attenuation and
penetration depth have been computed using Equation (5.7) from area-fill factor
measurements at 18 stands.

Image date | o, [dB] | o, [dB] ﬂ(ghj‘gﬁ;]
6 January 1994 -11.7 -10.0 |98 [70-130]
19 February 1994 -11.9 -9.8 89 [70-115]
14 October 1996 -10.6 -6.3 129 [100 - 140]
27 November 1996 -11.2 -9.7 86 [55-120]
10 January 1997 116 | -99 |90 [65-120]
23 February 1997 -11.8 -10.0 105 [80 - 140]
8 April 1997 -9.7 -5.5 111190 - 135]
22 June 1998 -10.1 -5.8 109 [90 - 130]
5 August 1998 11 | -66 |97 [80-120]

Table 6.4. Estimates of the three unknowns in the WCM in Bolshe-4 (JERS case). The
three parameters have been determined using 161 stands with stem volumes between
15 and 400 m’/ha. After sensitivity analysis, the intervals of acceptable 8 were
included in brackets. The backscatter parameters did not show any variation.
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6.3.1  Model fitting

The lack of coherence data simplified the fitting procedure. For all images available
the optimisation procedure described in Equation (6.1) completed successfully and

values for the three unknowns in the WCM (o, , o,, and f) could be determined.

To quantify the uncertainty in the estimates of each parameter, a sensitivity analysis
was carried out by varying £ and performing the regression for the remaining two
coefficients. For each f, the first member in Equation (6.1) was then compared with
the value obtained from the three-parameters regression (i.e. the best fit to the data).
Tables 6.3 and 6.4 show that the two backscatter coefficients did not vary, whereas
even for a difference as small as 1%, the interval of acceptable £ values was rather
large, being larger in Bolshe-Murtinsky than in Kittbole. The spread of the
backscatter and the limited number of stands in the “intermediate” interval of stem
volumes, i.e. between 50 and 150 m’/ha, should explain the larger uncertainties in
Bolshe-Murtinsky.

6.3.2 Model parameters estimates

Figure 6.10 illustrates in four plots the effect of weather conditions on the trend
between backscatter and stem volume in Kéttbdle. Despite the small dynamic range
(not more than 3-4 dB), under dry-unfrozen conditions the JERS backscatter
constantly increased up to 350 m’/ha (Figure 6.10 a). When precipitation (rain or
snow) occurred, the sensitivity to stem volume was lower. One case of saturation was
found for rain precipitation and melting snow (Figure 6.10 b). In Bolshe-Murtinsky
the dynamic range differed very much depending whether dry-frozen condition
(Figures 6.11 a and b), thaw (Figure 6.11 c) or rainfall (Figure 6.11 d) occurred.
Nevertheless, independently of the weather conditions, the backscatter saturated at
around 150-200 m’/ha. Since we did not have available any image acquired under
dry-unfrozen conditions, it was not possible to compare with the interesting results
obtained in Kéttbole.

The values of o, and oy, in Tables 6.3 and 6.4 well corresponded to the average

backscatter coefficients in sparse and dense forests reported in Section 4.3. Figure
6.12 shows the strong correlation between temperature on one side, and o, and

o

o, on the other side. The Pearson’s linear coefficient of correlation was equal to

veg
0.73 and 0.86 respectively. The vegetation backscatter showed larger variations than
the ground backscatter, which was instead affected by few extreme cases (low right
corner in Figure 6.12 a). These corresponded to images acquired when several
simultaneous weather effects occurred (0° C, heavy rainfall, snowmelt, etc.).

For all the images acquired over Kittbole under dry-unfrozen conditions (May 1997
and 1998, August 1998) the estimates of f were in line with previous results and the
theory (Table 6.3). In Finnish forests (KURVONEN, et al., 1999) reported an
approximate value of 0.003 m’/ha, which is consistent with the fact that the forest
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Figure 6.10. Backscatter versus stem volume measurements and regression curves in
Kdttbole (42 stands) for dry-unfrozen conditions (a), precipitation and melting snow
(b), precipitation and snow cover (c), and temperature around freezing point and
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Figure 6.12. Scatterplots of temperature versus ground backscatter, o,,, (a) and

versus vegetation backscatter, o, , (b).
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transmissivity at L-band should be higher than at C-band. Only during changing
weather conditions were unrealistic values obtained (see for example the images
acquired between January and April 1998). In Bolshe-Murtinsky the estimates were
indeed consistently bigger (Table 6.4), thus meaning that the model had predicted an
attenuation stronger than at C-band. This is an improbable situation, taking into
account that many images had been acquired in winter at temperatures considerably
below the freezing point.

These results were initially explained as a consequence of the lack of stands in the
intermediate interval of stem volumes. Previous studies have shown that, for
increasing stem volume, the JERS backscatter increases and reaches saturation
slightly above 100 m’/ha (FRANSSON & ISRAELSSON, 1999; PULLIAINEN et al., 1999).
In order to determine the slope from the model as accurately as possible, it is
therefore fundamental to have many samples in the range of volumes up to the
saturation value. If there is a lack in such range, as for example in Bolshe-Murtinsky
(see Figure 3.5), the slope, i.e. £, will be inaccurately estimated.

Although the high values of £ could be related to an error in the regression due to the
lack of stands with intermediate stem volumes, nonetheless this did not seem
sufficient to explain the consistency of the high estimates. A possible further
explanation was based on the different forest management practise in Sweden and in
the Siberian region where Bolshe-Murtinsky is located. To explain this concept let us
consider two forests (forest A and forest B). Forest A is characterised by thin trees
and is very dense. Forest B instead includes fewer but thicker trees. Although the
structure of the forests is different, they have the same stem volume. Since the
backscatter of a forest is determined by the structural properties and only indirectly
by the stem volume, it is reasonable to assume that in case of different forest
management practise, the relationship between backscatter and stem volume differs,
thus affecting the values of the model parameters estimates.
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Unfortunately precise information concerning the management of the Bolshe-
Murtinsky compartment was not available; therefore it was not possible to give any
quantitative support to the assumption. Nevertheless, for the understanding of the
backscatter signatures and for backscatter modelling throughout the boreal zone, the
results stress the importance of the forest structural properties for the modelling and
the knowledge of the relationship between these properties and forest attributes.

6.3.3  Estimation of penetration depth

The area-fill measurements collected in Kéttbole were used to estimate the two-way
tree attenuation from Equation (5.7). Although the measurements had been taken
specifically for the ERS case, at an angle of 23°, it was reasonable to assume that the
fraction of ground covered at a slightly different angle, such as the JERS incidence
angle (35°-40°), was similar. For realistic £ values, which were obtained only for
dry-unfrozen conditions, the estimated « and the corresponding penetration depth
were in accordance with the values reported in the literature (4-10 m). These results
should confirm the validity of the backscatter model, the negligibility of double-
bounces and the assumption that the area-fill factor can be considered constant in the
range of incidence angles of ERS and JERS.

6.4 Conclusions

This Chapter has devised a procedure for training:

e  The Water Cloud Model and the Interferometric Water Cloud Model using
ERS backscatter and coherence data.

. The Water Cloud Model with JERS backscatter data.

The IWCM was not considered at L-band because of the low quality of the JERS
coherence data available.

Model training for the ERS case was based on the different information content of
the relationship between backscatter and coherence on one side and the stem volume
on the other. InNSAR phase measurements were not considered because of the small
correlation with stem volume.

The training algorithm consisted of a coupled iterative regression of the WCM and
the IWCM, using as reference the coherence measurements. The iterative method
was preferred to training the two models separately since the large spread of the
backscatter data and its low sensitivity to stem volume would have introduced
significant errors in the WCM (and the IWCM) parameters estimates.

With the coupled iterative training method accurate estimates of the coherence
parameters y,and y,,, are obtained. Moreover, compared to results provided by a

step-wise regression, the estimation error for the backscatter parameters o, and
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o

o’ , and the coefficient of the two-way forest transmissivity S are smaller. In order

veg *
to keep the number of unknowns at a reasonable level, the IWCM can be trained
assuming that the two-way tree transmissivity coefficient, «, is constant. Results
from a sensitivity analysis show that model-based coherence and backscatter do not
seem to depend on «. A weak indication of the coefficient seasonal dynamics is
given by the modelled area-fill factor in one pair with long baseline acquired under
winter-frozen conditions. This result suggests further analysis using more pairs with
long baselines, acquired in several seasons.

The WCM and the IWCM well describe the dependence of respectively the
backscatter and the coherence upon stem volume. The models were proven to be
robust, being able to generate a correct fit for several environmental conditions. Very
important is the quality of the data used for model training. Inaccurate data can
strongly influence the model fit and the model parameters.

The low sensitivity of the ERS backscatter to stem volume is showed by the almost
flat regression lines and the saturation reached already at small stem volume. The
ERS coherence decreases for increasing stem volume, the slope depending on the
meteorological conditions at the time of the acquisitions. Saturation does not occur
unless the environmental conditions between the two acquisitions have changed.
Model parameters are correctly estimated when at acquisitions stable weather
conditions occur. In such cases the estimates of £ predict reasonably well the area-fill
factor. When environmental changes occur, e.g. precipitation or changes in the
ground moisture content, it is still possible to fit a line to the data but £ looses
physical meaning, becoming a regression coefficient.

Concerning the complex term in the IWCM, for short baselines, the effect is
negligible and the zero-baseline version of the model can be used. When the normal
component of the baseline exceeds 100 m, both terms should be taken into account.
Nevertheless the investigations carried out only partially showed the importance of
the phase term, mostly because of the unsuitable environmental conditions for such
an investigation and the errors in the ground-truth data in several images. Further
investigations should analyse pairs with long baseline, acquired under stable weather
conditions over forested areas with well-known forest properties.

Results obtained in Sweden, Finland and Siberia show that the WCM used for
modelling JERS backscatter is robust. The dynamic range depends on the seasonal
conditions, being largest under dry-unfrozen conditions. When precipitation occurs
or for dry-frozen conditions, the signal saturates. Both the ground and the vegetation
backscatter correlate strongly with the temperature. The uncertainty in the estimates

of the coefficient S is much larger than for o, and oy, . The estimation error is
directly related to the spread of the backscatter measurements and the amount of
training samples available in the non-saturated interval of stem volumes. The

uniform distribution of accurately measured stem volumes in the training area is a
crucial issue for correct and reliable model training.
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Consistent differences were found in the two-way forest transmissivity at the
investigated test sites. The estimates obtained in Kéttbole are in line with previous
results and with the traditional interpretation of forest transmissivity. Furthermore the
penetration depth estimated from £ is in agreement with typical L-band values. In
Bolshe-Murtinsky the two-way forest transmissivity is too low even in young forest
stands. Although the non-uniform distribution of stem volume can cause relevant
errors in the regression, the consistent differences should be rather explained in terms
of different forest management systems in the two areas. These results suggest that
although the Water Cloud Model is able to describe the JERS backscatter in terms of
a forest attribute, a few aspects concerning the physical meaning of the model need
to be reconsidered if it is to be used for the whole boreal area.

To obtain a clearer picture concerning the forest transmissivity spatial inconsistency,
it would be of extreme interest to:

o Observe the dependency of the backscatter upon a forest parameter directly
related to its structure (e.g. area-fill factor, canopy closure, etc.).

. Model other types of remote sensing data, for which the underlying
assumptions of the WCM are still valid. X- and C-band SAR backscatter could
be investigated but the low sensitivity to stem volume does not let us expect
striking new information. The use of the IWCM with C- and L-band repeat-
pass coherence could probably be more suitable, but only in regions
characterised by long periods of stable weather conditions.
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Chapter 7

Stem volume retrieval

Once model training has been performed, it is possible to invert the model using a set
of coherence and backscatter measurements independent from the training set in
order to retrieve stem volume. The simple formulation of the WCM and the IWCM
makes both models suitable for such operation. This Chapter starts with the
description of the methodology adopted for stem volume retrieval from backscatter
and coherence data (Section 7.1). When several images over the area of interest are
available, multi-temporal combination of single-image estimates can be used to
provide a new version of the stem volumes, characterised by an enhanced accuracy.
The multi-temporal approach adopted in this work is described in Section 7.2. The
remaining Sections report results of stem volume retrieval at three spatial scales of
interest in forest inventory: stand level, plot level and regional level. Stand-wise
retrieval using 1) ERS backscatter and coherence and 2) JERS backscatter is reported
in Section 7.3, whereas at plot level the retrieval of stem volume using ERS
coherence is described in Section 7.4. In both Sections the impact of meteorological
conditions on the estimates accuracy is stressed. For large area estimates of forest
properties, foresters commonly downscale plot-wise stem volume estimates. For the
retrieval of the stem volume at regional level, Section 7.5 illustrates a similar
approach, based on ERS coherence data and plot-wise InSAR-based stem volume
estimates. Concluding remarks are included in Section 7.6.

7.1 Retrieval procedure
When only backscatter measurements are available, the retrieval of stem volume is

straightforward. From Equation (5.6) it is possible to express stem volume as
function of measured forest backscatter, o7y, :
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o’ —of
V= —iln(fg—fj’] (7.1)

Because of the complex exponential term, the inversion of the full IWCM expression
reported in Equation (5.13) is more difficult and requires a numerical approach.
Nevertheless, as shown in Chapter 5, for short baseline pairs the phase term can be
neglected, thus facilitating the inversion of the IWCM. In a formulation similar to

Equation (7.1), stem volume becomes a simple function of forest backscatter, 0'./‘10,. ,

and coherence, y ,,., measurements:

ﬁ o
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It is not rare that some measurements of either the backscatter or the coherence do
not belong to the interval of modelled values. In Figure 7.1 ERS backscatter
measurements included in a test set are shown together with the model-based curve
obtained from training the WCM. Several stands are characterised by backscatter
above the biggest value predicted by the WCM in the range of stem volumes found
in the area. If the model had been trained on an infinite interval of stem volumes, it
would have been possible to relate a retrieved stem volume to most of the stands.
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Figure 7.1. Stem volume retrieval possibilities. The solid line represents the

regression curve obtained over Tuusula on 15 June 1996. The dashed lines are
placed at two standard deviations from the model-based curve.
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Nevertheless

1. These estimates would have been much bigger than the stem volumes typically
measured in the region where the test site is located. Following the same
reasoning, the stands with backscatter below the smallest value predicted by the
WCM would have been characterised by a negative stem volume.

2. Ifthere were measurements above the saturated backscatter, it would have been
impossible to estimate the stem volume.

3. It is not correct to use a model outside the range of stem volumes used for
training.

In order to associate a realistic stem volume to every sample included in the test set,
some rules are therefore needed. A sensible way to proceed is to use the smallest and
the biggest stem volume values measured in the region of interest. For example,
since in Kittbole the stem volumes were measured between 0 and 350 m>/ha, these
values were used as reference for the correction. In stands where the retrieval
returned a negative stem volume, the corrected value was set to 0 m’/ha. In stands
characterised by estimated stem volumes bigger than the maximum value measured,
the corrected value was set to 350 m>/ha (SANTORO et al., 2002a; SANTORO et al.,
2002b). When a sample was at least two standard deviations away from the range of
modelled backscatter or coherence, it was labelled as outlier and no value was
retrieved for it.

To describe the results of the retrieval the following statistical parameters are
commonly considered: the coefficient of determination, R°, and the root mean square
error (RMSE). Since the retrieval is influenced by inaccuracy in the ground-truth data
used for training and testing, it is important that the sampling errors in the ground-
truth are taken into account when computing the RMSE. At plot level the accuracy of
the in situ measurements is high therefore the correction for sampling errors is not
needed. At stand level the ground-truth estimates of stem volume include a 10-25 %
error, depending on the methods used for the inventory. In (FRANSSON et al., 2001;
SANTORO, et al., 2002a; SANTORO, et al., 2002b) the following expression has been
adopted to compute the retrieval error at stand level in Kéttbole:

1 Ny 1 Nigy

RMSE = \/—Z(Vi —ye ) ~0.5- > (SE ) (7.3)

test =1 test i=1

where Ny represents the number of samples in the test set, V; and V¥ are the

retrieved stem volume and the stem volume estimated from the ground-truth for
sample no. i. SE; represents the standard error for stand no. i and the factor 0.5 is a
correction due to systematic sampling design, in accordance with the empirical
investigation by (LINDGREN, 1984). A similar correction was used in Tuusula.

When comparing the retrieval errors at more test sites it is necessary to take into
account that the distribution of stem volumes can have different attributes. In such
cases the relative RMSE, defined as ratio between the RMSE and the mean value of
ground-truth stem volume, should be used.

95



7. Stem volume retrieval

7.2 Multi-temporal filtering

The advantage of spaceborne missions is the provision of several acquisitions over
an area. For each sampling unit stem volume estimates from single backscatter and
coherence images can be combined in a “multi-temporal” approach. Similarly to
spatial averaging, a multi-temporal combination reduces the noise in the original
data, with the advantage of keeping the resolution unchanged.

The easiest multi-temporal filter is to produce a mean value of the single-image
estimates. Although simple and straightforward, this method does not take into
account that the quality of the estimates may differ from image to image. Weighted
averages are more suitable because for each combined image the retrieved stem
volumes are multiplied by a factor related to the information content of the images.
In this way images characterised by a low potential for stem volume retrieval will
have less effect on the multi-temporal estimates.

The easiest multi-temporal combination of the stem volume estimates from M images
can be written as:

multi—temp, j

M=

Il
—_

w. -V, . (7.4)

1 L]

where Viyuii-iemp,; and V;; represent the multi-temporal stem volume and the estimated
stem volume from image no. i respectively, for the j* sample in the test set. The
weighting coefficients w; are image dependent. For a multi-temporal combination of
ERS and JERS backscatter images, (KURVONEN et al., 1999) defined the weighting
coefficients by means of least squares regression. In this study an alternative
approach based on the ability of each image to retrieve stem volume has been
considered (SANTORO et al., 1999; SANTORO et al., 2000; SANTORO, et al., 2002b).
Since the RMSE is a measure of estimation accuracy, it was considered to be a
suitable weighting coefficient. The w; coefficients in Equation (7.4) were therefore
expressed as follows:

Prraini* Presti
RMSE
= (7.5)
i Prrain " Prest.j

=\ RMSE/

The idea behind Equation (7.5) is that images with lower residuals, RMSE;, should
have more weight in the multi-temporal estimation. To further decrease the effect of
images characterised by large dispersion of measurements, the percentages of
samples between the maximum and the minimum modelled values both in the
training and in the test set (pyqin; and pyes.)) were included.
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7.3 Stand-wise retrieval

Retrieval at stand level consists of training the models using a small subset of stands
in the area of interest and to invert them in a test set, which had not been used during
the training phase. In Kattbole and Tuusula the limited amount of stands forced to
order them for increasing stem volume and divide them into two halves. Although
not fully correct, this procedure ensured that in the two sets the distribution of stem
volume would have been as similar as possible. Odd positioned stands formed one
set; even positioned stands formed a second set. For the ERS case, the two sets were
used for training and testing respectively, whereas both sets were used as training
and test set in two different analyses when analysing the JERS backscatter. In this
way it was tested whether small changes in the training set would have turned out in
significant differences in the retrieval. In Bolshe-Murtinsky, a larger number of
stands were available so that it was possible to proceed according to a statistically
more correct approach. Each compartment was divided in four equal parts and
training was performed in the one with the most uniform distribution of stem
volume. As a consequence, 37 training stands in Bolshe-2 and 46 in Bolshe-4,
corresponding respectively to 25% and 29% of the total amount of stands in each
compartment were used.

7.3.1 ERS backscatter

Stem volume retrieval from ERS backscatter suffers from large errors because of
saturation of the signal occurring already at low stem volumes. Several authors
(PULLIAINEN et al., 1994; PULLIAINEN et al., 1996; HALLIKAINEN et al., 1998;
FRANSSON & ISRAELSSON, 1999) observed that the slope of backscatter
measurements had flattened out in the interval between 50 and 100 m’/ha at several
test sites located in Finland and Sweden. Similar results were reported in (DOBSON et
al., 1992) and in (IMHOFF, 1995), where C-band AIRSAR data acquired over
coniferous forests in North America and Europe saturated at approximately 20
tons/ha.

The ERS backscatter seems to provide relevant information about stem volume only
for sparse or very young forests, as pointed out for example in (KASISCHKE et al.,
1994), being irrelevant for mapping dense forests. In (PULLIAINEN, et al., 1996)
twelve ERS-1 images acquired over two test sites in Finland with stem volumes up to
400 m’/ha were combined in a multi-temporal approach. The estimation error was
found to decrease compared to single images although the 90 m’/ha RMSE and the
rather spread-out scatterplots presented show the low accuracy achievable from the
inversion of ERS backscatter data. Besides the well-known low sensitivity of C-band
backscatter to stem volume, the authors explained the poor results as an effect of
speckle. For increasing stand size it was showed that the estimation error decreases.
Similar conclusions were reported in (KURVONEN, et al., 1999) where two ERS
images were investigated in an 1800 km” large area in South Finland. The relative
RMSE decreased for increasing forest block size, reaching a saturation level of
approximately 30 % at stands larger than 20 ha. The authors analysed the
implications of the number of images combined on the estimates accuracy as well,
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reporting that, although the error decreases for increasing number of images, more
important is the quality of the information contained in each image.

Results from retrieval carried out in Kittbole and Tuusula were consistent and
confirmed the poor quality of stem volume estimates based on ERS backscatter. The
RMSE was always greater than 100 m*/ha in Kittbéle, except for one case when the
error was 82 m’/ha. The situation was even worse in Tuusula where the RMSE was
at least 200 m*/ha (Figure 7.2 and Table 7.1). The relative RMSE shows the higher
inaccuracy of the estimates in Tuusula (Table 7.2). Low sensitivity to stem volume,
i.e. small dynamic range, and large dispersion of the backscatter measurements
equally characterised both test sites. Since most stands could not be classified in the
inversion, the larger interval of stem volumes measured in Tuusula explains the
higher error. The R’ coefficient between ground-truth and SAR-based estimates was
mostly below 0.1, reaching in a couple of acquisitions 0.36. This clearly shows that
the two quantities do not correlate at all.

The multi-temporal combination decreased the noise but the result was still too poor
to be acceptable (Tables 7.3 and 7.4). Results were in line with previous
investigations for small sized stands and suggest that ERS backscatter is useless for
stem volume retrieval, unless only large stands with low stem volume are
investigated.

Katthéle ERS-1/2

250 T T T T T
200 o _
= +. +. 0
= A . . o
roE 150 9 o ; S . : +
+ O
(I_}J) 00 e TR TR P Y. e gy JRTRTORUR U JRTRTORUR U o]
= 0 ERS-1 & g
nd soL.F ERS-2 |
* Coherence - R SUSHEHE *
L
0 1 | | 1 | 1 | 1 |
Jun 95 Jul 85 Aug95 Sep95 Oct95 Mar9%a Mar96 Apr96a Apr96
Tuusula ERS-1/2
400 T T T T T
[}
J(:U 00 + ° * . + N
- 6 + o
£ = + T
00 - e ....o ............ t ........ [~ [N [+ -
0 . .
= -
o 100 - .. B . —
*
0 1 | 1 | | | |

I
Sep 95 Oct 95 Mar 96 Mar 96 a Apr 96 Apr96a Jun 96 Jul 96

Figure 7.2. Stem volume retrieval accuracy, expressed in terms of RMSE, for ERS
backscatter and coherence images in Kdttbéle and Tuusula.
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7.3.2 ERS coherence

As pointed out in (ASKNE et al., 1997), ERS coherence does not seem to suffer from
saturation at low stem volumes, thus being more suitable for stem volume retrieval
than the backscatter. The first investigations carried out on stem volume retrieval
using coherence data were all based on linear regressions. For a subset of images
acquired over Kittbole, (SMITH et al., 1998) and (FRANSSON, et al., 2001) obtained a
RMSE of 31 m’/ha. The highest accuracy was achieved in pairs acquired during
winter, under stable weather conditions at and between acquisitions. Similar
conclusions were reported by (MANNINEN et al., 2000), where the retrieval in forest
stands larger than 2 ha located in South East Finland was characterised by a RMSE
of 54 m’/ha for a range of stem volumes between 0 and 450 m*/ha. In a comparison
of various remote sensing data types, (HYYPPA et al., 2000) seems to contradict the
good results reported in the previous studies. The standard error of 90.9 m*/ha should
be interpreted as worst-case scenario since the images available were mostly
acquired under changing environmental conditions. Poor results have been reported
in (KOSKINEN et al., 2001) as well. A subset of the images considered in this thesis
over Tuusula was investigated by means of a semi-empirical model. Although a
scatterplot showed agreement between the distribution of retrieved and ground-truth
stem volume, the standard error of the estimate was 99 m*/ha. It is possible to argue
that the result could have been even less accurate since the same data were used for
training and testing the model.

Compared to the ERS backscatter, the plots reported in Chapter 6 have showed the
higher sensitivity of the coherence to stem volume. These figures indicate that it is
possible to obtain stem volume estimates much more accurately than from the two
backscatter images forming the interferometric pair.

Figure 7.2 shows that both in Kittbole and in Tuusula stem volume could be
predicted more accurately using coherence than backscatter. The most accurate
estimates were achieved for pairs acquired in winter under stable weather conditions.
In Kattbole the four pairs acquired in March and April 1996 showed consistent
results, having errors between 21 and 38 m’/ha. In Tuusula only one of four pairs
acquired in winter (2-3 March 1996) was characterised by stable weather and showed
an RMSE of 76 m*/ha. Changes in the dielectric properties of the ground caused the
decorrelation and, consequently, a significant error in the retrieval. Pairs acquired at
the time of meteorological events or weather changes between passes did not provide
any information.

Since these investigations had several images in common with the studies reported in
(FRANSSON, et al., 2001) and (KOSKINEN, et al., 2001) respectively in Kéttbole and
Tuusula, it has been possible to compare results, although it must be mentioned that
in Tuusula the test set used by the authors included many more stands. At both test
sites the RMSE obtained from our model-based estimates was generally lower.
Similar errors were mostly found in pairs showing saturation or low sensitivity of
coherence to stem volume. Nevertheless, since the information content of such pairs
is rather limited, it can be concluded that the IWCM fits the data better and should
therefore be preferred to linear regression.
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Figure 7.3. Comparison between multi-temporal estimates obtained from a
combination of all coherence images available, and ground-truth stem volume, at
stand level in Kdttbole (21 stand) and Tuusula (18 stands). Evror bars represent one
standard error in the ground-truth estimates.

When several images were used in the multi-temporal approach, the error was lower
than in each single image included in the combination (compare Tables 7.1 and 7.3).
The RMSE did not always decrease for increasing number of images used but it
mainly depended on which images were combined. Coherence-based estimates
performed much better than those obtained from the backscatter (see Table 7.3).
Adding intensity images to coherence images did not improve the accuracy. The best
result was obtained in Kéttbole when only winter-type pairs without meteorological
changes between acquisitions were considered, reaching an error of 10 m’/ha.
Increasing the number of pairs combined did not further reduce the error. Using a
multi-temporal combination of all interferometric pairs available, Figure 7.3 shows
the extremely good results obtained in Kéttbole, which are comparable to the ground-
truth values, and the reasonable estimates achieved in Tuusula. Stem volume could
be retrieved in the range of stem volume measured in the area without apparent signs
of strong noise components or saturation.

The fundamental requirement for an accurate retrieval of stem volume is the big
difference between ground and vegetation coherence. This is obtained in pairs
acquired under stable weather conditions. Although there were more of such cases in
Kattbole than in Tuusula, meteorological events cannot be considered entirely
responsible for the consistently larger errors registered in Tuusula both in single-
pairs and in the multi-temporal estimates. Reasons for such results were probably due
to:

o Stand size. In Kaittbole stand size and number of pixels within a stand for
averaging were larger than in Tuusula. Hence, the coherence should have been
less affected by uncertainty.

o Ground-truth accuracy. The estimation of forest parameters was more accurate
in Kéttbole than in Tuusula, as mentioned in Chapter 3.
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If the coherence and the stem volume used for training are affected by errors, these
propagate to the model-based curve and therefore to the estimates of stem volume,
which include as well the error related to the fact that the coherence of the test stands
does not entirely coincide with the true coherence. Finally, when computing the
RMSE we would compare an estimate of stem volume affected by several sources of
error to a stem volume that includes the inventory errors, leading to wrong
conclusions. This digression stresses the importance of very accurate

1.  Ground-truth data (for model training).
2. Coherence estimates (both for training and testing the model).

3. Backscatter measurements (since they are involved in the training process as
well).

Yet another reason that was considered to explain the different retrieval accuracy
was the effect of the forest structure on the coherence. Model training and inversion
procedure are based on the fact that coherence is directly related to stem volume. As
pointed out in (SMITH, 2000), it should rather be that the forest structure, i.e. the
canopy closure to which stem volume is proportionally related, determines the
coherence. This suggested to investigate whether there were differences in the
structural properties of the forests such to influence the relationship between
coherence and stem volume. Measurements of the area-fill factor taken in few dense
forest stands at each test site were not characterised by significant differences. This
result is not exactly in line with the initial assumption, which can either mean that the
area-fill factor is not the correct parameter to be used for such type of investigation
or the different retrieval errors are related to some other forest property not yet
considered.

7.3.3 JERS backscatter

Compared to C-band, the higher sensitivity of L-band backscatter to forest attributes
is clearly shown by the higher saturation level and correlation observed in several
experiments, not only in boreal forests (DOBSON, et al., 1992; LE TOAN et al., 1992;
ISRAELSSON et al., 1994; RIGNOT et al., 1994; IMHOFF, 1995; HALLIKAINEN, et al.,
1998). Using EMISAR data at two test sites located in Britain and in Sweden close to
Kittbole, (BAKER & LUCKMAN, 1999) reported a higher dynamic range at L-band,
although the Swedish test site showed saturation at lower stem volumes probably
because of the rougher and wetter conditions of the ground. In (ISRAELSSON et al.,
1995; FRANSSON & ISRAELSSON, 1999; KURVONEN, ef al., 1999) it has been shown
that the JERS backscatter in Swedish and Finnish boreal forests saturates between
150 and 225 m’/ha, thus being more suitable than ERS C-band for stem volume
retrieval. In particular (FRANSSON & ISRAELSSON, 1999) reported an interesting
correlation between ground-truth and retrieved stem volume (r=0.781). Similar
conclusions were presented by (HARRELL et al., 1995), who investigated ERS and
JERS backscatter with implications for biomass estimation in Alaskan forests. The
retrieval of stem volume from JERS backscatter was investigated in (KURVONEN, et
al., 1999). Compared to the ERS backscatter, the use of JERS data improved the
accuracy but reasonable estimates could be obtained only when stands larger than 10
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ha and at least two images were combined in a multi-temporal fashion. For stands
larger than 20 ha, there did not seem to be any difference in accuracy between ERS-
and JERS-based estimates. A combination of six ERS and JERS backscatter images
was found to decrease the relative estimation uncertainty to 25% with a correlation
coefficient of 0.73. In their evaluation of several remote sensing data sources
(HyyPPA, et al., 2000) showed that for forest parameters estimation the JERS
backscatter is more promising than ERS backscatter but still inferior to the ERS
coherence.

The plots reported in Chapter 6 clearly showed that in Kéttbole the JERS backscatter
is more suitable for stem volume retrieval than in Siberia. In Tuusula the small
dynamic range and the spread of the backscatter data suggested that the accuracy of
the stem volume estimates would have been poor.
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Figure 7.4. Stem volume retrieval accuracy, expressed in terms of RMSE, for JERS
backscatter images in Kdttbole and Bolshe-Murtinsky.

Retrieval of stem volume performed more accurately in Kéttbole, where several
images had consistent RMS errors between 40 and 50 m*/ha in the test set formed by
even positioned stands (Table 7.1 and 7.3, Figure 7.4). These were all cases acquired
under dry-unfrozen conditions. When thaw or winter-frozen conditions occurred, the
accuracy decreased. In Bolshe-Murtinsky, worse results were found at Bolshe-2,
where stem volume was generally higher than at Bolshe-4. All images were
characterised by winter-frozen conditions, freeze/thaw events or precipitation. These

102



7. Stem volume retrieval

results suggest that the retrieval of stem volume from JERS backscatter data should
be avoided in winter periods and in case of strong precipitation. The worst absolute
RMSE was registered in Tuusula, although in terms of relative RMS errors, Bolshe-
Murtinsky and Tuusula behaved quite similarly. Not only the less suitable weather
conditions for retrieval encountered in Siberia and Finland, but also the different
stem volume distributions, which particularly in Bolshe-Murtinsky might have
strongly affected the model training, and the ground-truth errors were considered
responsible for the discrepancy of accuracy between Kittbole and the other test sites.

Looking at Table 7.1 it is possible to notice that JERS backscatter performs better
than the ERS backscatter but worse than the ERS coherence, thus confirming the
evaluation reported in (HYYPPA, et al,, 2000). When training and test set were
switched, the results changed, thus showing that training and test set should be as
similar as possible (Figure 7.4).

With a multi-temporal combination the error decreased significantly except for
Bolshe-4. In Kittbole the RMSE showed very promising results for the application of
JERS backscatter for stem volume retrieval (Figure 7.5 and Table 7.3). Very
different was the situation at the other test sites, where the rather high relative
RMSE, between 40% and 50%, limits the previous conclusions to Kéttbdle. Both in
Kattbole and Bolshe-Murtinsky, the combination of images acquired during the leaf-
on period gave the most accurate results. These did not improve when other images
were considered in the combination. From Figures 7.5 and 7.6, it can be seen that
reliable estimation can be provided for the whole range of stem volumes in Kéttbole,
whilst in Bolshe-Murtinsky a value of 200 m’/ha seems to be the uppermost limit for
the use of JERS backscatter. Above this level, the stem volume is mostly spread out
and underestimated, because saturation of the backscatter has occurred in the interval
of intermediate stem volumes.
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Figure 7.5. Comparison between multi-temporal estimates obtained from a
combination of all JERS backscatter images available, and ground-truth stem
volume, at stand level in Kdttbole. Test set no. I refers to even positioned stands. Test
set no.2 includes odd positioned stands. Both sets include 21 stands. Error bars
represent one standard error in the ground-truth estimates.
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Figure 7.6. Comparison between multi-temporal estimates obtained from a
combination of all JERS backscatter images available, and ground-truth stem
volume, at stand level in Bolshe-Murtinsky. The test set at the two compartments
included 110 and 115 stands respectively.

7.4 Plot-wise retrieval

The very promising results obtained with ERS coherence at stand level suggested
that stem volume could be estimated with a relatively good accuracy at scales finer
than a stand. Areas smaller than stands and of interest to forest inventory are plots,
1.e. the basic sampling units.

Retrieval at plot level means that stem volume is estimated from one or few pixels.
Plots have a diameter between 15 and 20 m, while the pixel size of SAR and InSAR
images is generally about 20 by 20 m after multi-looking and geocoding. Due to
speckle, the retrieval using backscatter data is not feasible. Coherence instead should
be less affected by noise, although filtering of the image is recommended before
retrieving stem volume. Because of the small size of the sample, the coherence-based
retrieval at plot level is limited by two factors: the accuracy of the coherence
estimate at pixel level and the geometric mismatch between the plot and the
corresponding pixel.

It was previously mentioned that the measured coherence is only an estimate of the
true coherence. Contrarily to stand-wise retrieval, at plot level we must count on the
values of just the pixel; therefore, it is fundamental that the coherence of the pixel is
as accurate as possible. In areas of low coherence, as forests, the coherence is
affected by large uncertainty. A large window would improve the accuracy of the
estimate but at the same time decrease the resolution so that the value found at pixel
level would be influenced by the properties of the neighbouring pixels. In the end,
the required accuracy might not be reached, which in turn will show its effects on the
retrieved stem volume.
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ERS backscatter ERS coherence JERS backscatter

RMSE R’  RMSE R? RMSE R2
Kattbole 82.4 .19 20.9 .92 40.0 77
Kittbole
(plot-level) ) - 62.9 .50 - .
Swedish NFI
(plot-level) - - 77.8 36 B} )
Tuusula 198.1 A5 76.0 .80 125.6 .61
Bolshe-2 - - ) j 117.0 -
Bolshe-4 - - - - 92.0 43

Table 7.1. Best RMSE (in m’/ha) and corresponding R’ for retrieval using single
images.

ERS backscatter ERS coherence JERS backscatter

Kittbole 61.0 15.0 29.6
Kittbole

(plot-level) 437 ]
Swedish NFI

(plot-level) 474 i
Tuusula 77.1 29.6 48.9
Bolshe-2 - - 53.6
Bolshe-4 - - 493

Table 7.2. Best relative RMSE (%) for retrieval using single images

To determine the position of a plot, traditional surveys make use of GPS
measurements, which in dense forested areas are typically characterised by a 5 to 10
m absolute positioning error. Since geocoded images might suffer from
misplacements, a plot and the corresponding pixel in the coherence images might not
coincide. Coherence images and plot maps would therefore not perfectly overlap so
that the coherence used would probably not coincide with the coherence of the plot
of interest. A filter, such as a mean or a median filter can reduce the effect of the
geometric mismatch (SANTORO, ef al., 2002b). Nevertheless, the window size should
be small in order not to decrease the resolution.
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ERS backscatter ERS coherence JERS backscatter
RMSE R’ RMSE R? RMSE R?

Kittbole 74.2 13 10.4 .93 33 77
Kattbole

(plot-level) i i 350 56 i i
Swedish NFI

(plot-level) i i 712 43 i i
Tuusula 155.5 25 71.2 .81 103.4 72
Bolshe-2 - - - - 98.0 47
Bolshe-4 - - - - 93.0 Sl

Table 7.3. RMSE (in m’/ha) and R’ for multi-temporal combination of single images
estimates.

ERS backscatter ERS coherence JERS backscatter

Kattbole 53.4 7.5 22.0
Kattbole

(plot-level) i 39.6 i
Swedish NFI

(plot-level) i 434 i
Tuusula 60.0 27.5 40.1
Bolshe-2 - - 44.9
Bolshe-4 - - 49.8

Table 7.4. Relative RMSE (%) for multi-temporal combination of single images
estimates.

The retrieval of stem volume at plot level puts strong requirements on the correctness
of the model training and on the images to be used. On one hand, stand-wise
measurements of coherence and stem volume should be preferred to plot-wise values
because of the higher accuracy of both types of data. On the other hand, since the
accuracy of the plot-wise InNSAR stem volume estimates is expected to be lower than

at stand level, pairs known to provide inaccurate results already at stand level should
be discarded.

In Kittbole plot measurements in those stands previously considered for the
evaluation of stand-wise stem volume retrieval were used as test samples. The
retrieval was carried out for the four pairs that performed best in the stand-wise
analysis (i.e. the pairs acquired in March and April 1996). For each plot the
corresponding pixel in the coherence images were extracted and the IWCM was
inverted. The RMS errors and R values obtained at stand and at plot level can be
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compared in Table 7.5. Plot-wise retrieval followed the patterns seen at stand level
but showed bigger errors, which were partially corrected for with the multi-temporal
combination. Nevertheless, the filtered estimates did not have the high accuracy
reached at stand level.

Kattbole (stand) Kittbole (plot) Swedish NFI (plot)

RMSE R* RMSE R’ RMSE R’
12-13 March 1996  20.9 92 62.9 50 77.8 36
17-18 March 1996  38.4 74 80.4 25 114.3 12
16-17 April 1996 35.8 77 81.5 21 111.3 16
21-22 April 1996 35.6 74 77.7 35 100.3 21
Combinationof the 5 o4 55 56 71.2 43

four images

Table 7.5. RMSE (in m’/ha) and R’ for retrieval based on ERS coherence images.
The test set consisted of 21 stands and 216 plots in Kdttbéle, and of 166 plots in the
Swedish NFI area.

The scatterplot on the left in Figure 7.7 illustrates the level of agreement between
ground-truth and InSAR multi-temporal stem volume estimates. The large spread and
the tendency to underestimation at very high stem volumes could be explained as a
consequence of positioning errors and inaccuracies in the coherence values. These
factors are stronger at plot level than at stand level, where averaging is performed
and therefore noise is partly filtered out.
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Figure 7.7. Comparison between multi-temporal estimates obtained from a
combination of four coherence images and ground-truth stem volume at plot level in
Kdttbole (216 plots) and in the NFI area (166 plots) Before estimation the coherence
images had been median filtered in a 3 by 3 window.
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The inversion of coherence on a pixel basis was not only used for the evaluation of
plot-wise retrieval in Kéttbdle but also to produce stem volume forest maps. Taking
into account that forest inventory in large areas is carried out at a limited number of
plots distributed on a large territory, theoretically a forest stem volume map covering
areas of thousands of square kilometres with a resolution equal to the plot size would
be an extremely desirable product. For this purpose it is fundamental to train the
model at stand level in areas where very accurate ground-truth and coherence
measurements are available (the forest estate of Kéttbdle for example). The inversion
of coherence is then performed at pixel level in forested areas surrounding the
training area and covered by the images (SANTORO, et al., 2002b).

Uppsala

Cultivated areas T
Urban areas [
Open areas L1
Water areas L

Stem volume 0+ 50 m*/ha
Stem volume 51+ 100 m’/ha
Stem volume 101 + 150 m*/ha
Stem volume 151 + 200 m’/ha
Stem volume 201 + 250 m’/ha
Stem volume 251 + 300 m’/ha
Stem volume 301 + 350 m’/ha

BENEO0ON

Figure 7.8. Forest stem volume map of a 4235 km’ large area centred in the forest
estate of Kdttbéle (SANTORO, et al., 2002b). Stem volume has been estimated from
four coherence images acquired in March and April 1996. The map has been
superimposed onto a digital land-cover map. For displaying reasons, stem volumes
have been grouped into intervals of 50 m’/ha each.
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The fundamental assumption underlying this procedure is that the environmental
conditions must be the same all over the scene. A difference in the weather or in the
ground properties within the imaged area would alter the relationship between
coherence and stem volume, thus leading to wrong stem volume estimates. This
aspect has been considered in the SIBERIA project, where a forest map over an
approximately 1 million km® large area was produced from ERS coherence data
(SCHMULLIUS & ROSENQUIST, 1997; SCHMULLIUS et al., 2001). In particular
(WAGNER et al., 2003) correctly pointed out that, in order to obtain spatially
consistent estimates of stem volume in very large areas, the retrieval method should
be independent of the properties characterising a local training set.

In Figure 7.8 the forest stem volume map for an area of 4235 km?, surrounding the
forest estate of Kittbdle is reported. For each pixel defined as productive forest land
in a land-cover map provided by the Swedish National Land Survey, stem volume
was estimated. Once again, only the four coherence images that performed best at
stand level in Kiéttbole were used. The forest map represents a multi-temporal
combination of the four channels.

In order to verify the accuracy of the map, a set of plots provided by the Swedish
National Forest Inventory was used. These were the only measurements easily
obtainable, which stresses a common problem when assessing the accuracy of a
remote sensing product: the insufficient amount of reference data. For each NFI plot,
the stem volume estimates were compared to the measured ground-truth value.
Compared to Kittbole, Figure 7.7 and Table 7.5 show larger errors, which are
probably due to heterogeneities of the environmental conditions in the area. The
spatial variability of the environmental conditions became relevant especially in pairs
characterised by temperatures around the freezing point during the period of
acquisition and by changing snow conditions (17-18 March and 16-17 April).

To confirm these assumptions, in (SANTORO, et al., 2002b) scatterplots comparing
retrieved stem volumes from each of the four pairs were reported. The scatterplots
for 12-13 March and 21-22 April (Figure 7.9) showed an agreement between
retrieved stem volumes up to about 200 m’/ha, proving that both pairs were suitable
for retrieval in the large area. The comparison with the 17-18 March pair clearly
showed the spatial inconsistency of the estimates (Figure 7.10), whereas the 16-17
April pair showed consistent but underestimated stem volumes.

These results show the limits of SAR interferometry for mapping of large areas at
plot level. Nevertheless a comparison with results obtained in (FAZAKAS et al., 1999)
from Landsat data in Kéttbole and part of the large area, showed the higher potential
of ERS coherence for stem volume retrieval at plot level.
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Figure 7.9. Scatterplots of pixel-wise retrieved stem volume in four squares
randomly located in the large area. The x- and y- axis respectively report the
estimates from the 12-13 March and the 21-22 April 1996 pairs (SANTORO, et al.,
2002b).

7.5 Retrieval at regional level

Plot measurements in the Swedish NFI database are used to infer the properties of
forests at regional and national level. The statistical design of the sampling procedure
has been under investigation in the last two decades and several changes have been
made in order to increase the accuracy of forest parameters estimates (RANNEBY ef
al., 1987). (NILSSON, 1997) and (FAZAKAS, et al., 1999) reported that the present
sampling technique gives estimates with a relative RMSE below 10 % for areas of at
least 25000 ha (i.e. 250 km®), whereas at a higher resolution the traditional inventory
based on ground-based surveys is not able to provide accurate estimates of the forest
properties. Even at regional level (L1 & RANNEBY, 1992) presented coefficients of
variation with a high uncertainty, depending on region and class of the forest
attribute.
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Figure 7.10. Scatterplots of pixel-wise retrieved stem volume in the same four
squares described in Figure 7.9. The x- and y- axis respectively report the estimates
from the 12-13 March and the 17-18 March 1996 pairs (SANTORO, et al., 2002b).

In order to improve regional and national inventory of forest resources, (NILSSON,
1997) and (FAZAKAS, et al., 1999) evaluated the possibilities offered by optical
remote sensing as data source alternative to local surveys. Although estimates of
stem volume at pixel level were affected by significant errors, their spatial average
provided new estimates with accuracy increasing for increasing size of the area in
which averaging was performed. The authors concluded that a procedure based on
Landsat data and the ANN (Nearest Neighbour) method provides reliable estimates
already in 100 ha large areas.

Using SAR interferometry, a similar approach was considered (see also (SANTORO,
2001) and (ASKNE et al., 2001)). Starting from the stem volume map reported in
Figure 7.8, the NFI and the multi-temporal estimates of stem volume have been
aggregated in areas of increasing size and then compared. For each block size in
which averaging was performed, mean and standard deviation of stem volume were
computed. The results are reported in the two upper plots in Figure 7.11 for the
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aggregated InSAR-based estimates (left) and the NFI plots (right). These plots show
that the InSAR mean stem volume is smaller, because of the underestimation due to
the low sensitivity of coherence at high stem volumes. Nevertheless, the absolute
errors in the ground-truth estimates should be taken into account. The uncertainty
affecting the ground-truth estimates is much larger because of the fewer points
available in each block for computing the averages.
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Figure 7.11. For increasing averaging areas, mean value and standard deviation of
multi-temporal retrieved stem volume (top left), NFI ground-truth stem volume (top
right), RMSE (bottom left) and relative RMSE (bottom right). The area size is
reported in terms of the averaging window size. A 500 by 500 window corresponds to
156 km?, a 1000 by 1000 window to 625 km’, a 1500 by 1500 window to 1406 km’
(SANTORO, 2001).

The lower plots in Figure 7.11 show that for increasing block size the relative RMSE
between the two types of stem volume estimates decreases reaching a level of around
20 % for areas of the order of 1400 km®. This result should be interpreted taking into
account that the errors of the NFI-based regional level estimates decrease for
increasing area and the averaged retrieved stem volumes might still suffer from
errors introduced by the spatial variations of the environmental conditions in the
coherence estimates. Since in small areas the NFI mean cannot be considered a
totally reliable reference, the RMSE provides only an approximate measure of the
regional-wise InSAR stem volume accuracy. For increasing size the inherent errors
in the NFI source decreases, thus improving the information content of the RMSE. In
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very large areas, of the order of 1000 km? the NFI plots should be accurate enough to
be used as reference. The small relative error shows that regional estimates of stem
volume can be obtained from SAR interferometry, although averaging in very large
areas is needed in order to filter out as much noise as possible.

Compared to optical data the results are nonetheless slightly poorer, probably
because the spatial variations of the environmental conditions were to irregular
compared to the window size used for averaging and could therefore not be
completely filtered out.

7.6 Conclusions

In this Chapter stem volume retrieval using ERS and JERS backscatter, and ERS
coherence has been investigated at the three inventory units commonly used in
forestry. The inversion of the WCM and the IWCM in a test set formed by samples
independent from those used for training has been carried out at several test sites and
results have been compared. An important point concerned the procedure to be
adopted in case test samples could not be automatically classified in the inversion
and the definition of outliers. These aspects are relevant, especially when working
with ERS and JERS backscatter because of the small dynamic range and the signal
saturation at already low stem volumes. Typically for each image a few samples
might not be classified by the model but only according to subjective rules, which in
turn makes comparisons more difficult to be carried out.

The accuracy of stem volume retrieval depends on the sensitivity of the remote
sensing parameter to the forest attribute and on the weather conditions at acquisition.
When more backscatter and coherence measurements are available for a forest
sampling unit, typically the corresponding estimates are affected by different noise
components, which are related to the ability of the each specific image to retrieve
stem volume. This information, for example expressed by the RMSE between
ground-truth and retrieved stem volume, can be used in a multi-temporal
combination of single-image estimates to improve the quality of the retrieval. For the
multi-temporal filtering the type of images combined is more important than their
number.

For stem volume retrieval coherence is by far the most suitable parameter, since it is
highly sensitive to forest properties and seldom suffers from saturation. Furthermore,
it can be used for both stand-wise and plot-wise estimation. Speckle does not allow
backscatter measurements to be used for inversion at plot level. Saturation at low
stem volumes and relevant spread of the measurements make in particular the ERS
backscatter almost useless.

At stand level coherence is able to predict stem volume with reasonable accuracy
when winter conditions without meteorological events characterise the
interferometric pair. Results were consistent in Kéttbole, and generally more accurate
than in Tuusula. When weather changes occur, the accuracy decreases. In case of
precipitation and snowmelt the inversion does not provide any information. To
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explain the differences in relative RMSE at the two test sites under investigation, the
less suitable weather conditions in Tuusula were not considered sufficient. The lower
accuracy of both the coherence estimates and the in situ measurements in Tuusula
can be addressed as possible reasons, whereas nothing can be concluded concerning
the effects of the forest structure since the area-fill factor measurements were at the
two test sites very similar.

With a multi-temporal combination of several coherence images the retrieval error
significantly decreases. Intensity images do not provide any additional information
and can be neglected for further investigations. The four pairs acquired over Kéttbole
in winter, under stable conditions, predicted stem volume with the highest accuracy
(RMSE= 10 m’/ha). When other images were added to the multi-temporal set, the
accuracy did not increase. Although in Tuusula the relative RMSE was higher, we
could observe a strong agreement between measured and retrieved stem volumes.
The results obtained in Tuusula are even more important if we take into account that
no apparent saturation occurred in the range of stem volumes up to 550 m*/ha.

These results show that the procedure based on 1) ERS coherence, 2) inversion of the
IWCM and 3) multi-temporal filtering is able to predict stand-wise stem volume in
boreal forests up to 550 m*/ha with high correlation. Furthermore, with very accurate
ground-truth and coherence measurements it is possible to reach accuracy
comparable to traditional forest inventory methods in an interval of stem volumes
between 0 and 350 m’/ha.

Retrieval of stem volume using JERS-backscatter is mainly affected by weather
conditions. Images acquired under dry-unfrozen conditions perform best, with a
consistent accuracy of 40-50 m’/ha, whereas the error strongly increases for winter-
frozen conditions or when environmental changes occur. The exchange of train and
test set shows the importance of having the same distribution of stem volumes for a
correct evaluation of the retrieval.

Although the stem volume estimates are less accurate in comparison to ERS
coherence, the temporal consistency of the retrieval over several images and the
reasonable RMSE make the JERS-type of backscatter an interesting data source. The
final relative RMSE of 22% registered in a multi-temporal combination of the
images acquired under dry-unfrozen conditions stresses even more the importance of
spaceborne L-band backscatter for inventory applications in boreal forests.

Compared to stand-wise retrieval, at plot level the estimation performs worse. The
44% relative RMSE shows that retrieval at plot level is not feasible using coherence
because of positioning errors and uncertainties in the coherence estimates due to the
small size of the plots. An even higher error of 47% registered in the large NFI area
was due to spatial variations of the environmental conditions. This not only confirms
that at plot level spaceborne imagery is not able to provide estimates with the
necessary accuracy but also stresses the problems connected with mapping in large
areas. For the methodology presented in this thesis, stable weather and homogeneous
environmental conditions are fundamental requirements to obtain reasonable
accuracy in areas larger than a forest estate.
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Estimation of stem volume at regional level is less affected by the spatial variability
of the coherence signatures although this cannot be completely suppressed not even
in very large averaging windows. Reasonable estimates with a 20% relative error are
obtained in areas larger than 1400 km®. Although optical remote sensing seems to be
more appropriate than SAR as alternative source of information at large scales,
problems related to full coverage limits the application of optical imagery in areas
characterised by frequent cloud cover, such as Sweden. For practical reasons SAR
interferometric data could therefore be preferred, in particular for estimates of
region- and nation-wide stem volume.
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Chapter 8

Tree height estimation

Another application of SAR interferometry in forested areas is the determination of
the tree height. In this case, the parameter to be inverted is the interferometric phase.
The InSAR phase provides information about the “topography” seen by an InSAR
system. Since forests let an incoming wave propagate through the canopy, the
topography seen is not related to the true tree height but gives information about the
scattering height of the forest. In this case we speak of interferometric tree height.
Theoretically, this measurement can be compensated for obtain the true tree height
by taking into account the penetration of the electromagnetic wave into the canopy
and volumetric decorrelation effects.

This Chapter is organised in order to provide the reader with a background on the
properties of the InNSAR phase in forests (Section 8.1) and the InSAR height (Section
8.2). The characterisation of the InNSAR phase will be given in particular for the
repeat-pass case. When two images are acquired at different times, the phase noise
due to the unstable nature of the forest canopy dominates the InSAR phase.
Nevertheless, the major error source when dealing with spaceborne repeat-pass
InSAR phase is represented by atmospheric path delays. Section 8.3 gives a
summary on atmospheric perturbations, followed by a description of filtering
algorithms with particular regard to their application in the boreal zone (Section 8.4).
In Section 8.5 interferometric tree height estimates are evaluated and compared to
tree height measurements. The results showed in this Section are very important to
understand the discussion presented in Section 8.6, where the ability of the IWCM to
model the INSAR phase and the possibility to derive the true tree height from the
interferometric height are presented. As usual, concluding remarks and a summary
are included in Section 8.7. Since the quality of JERS interferograms was too low,
the Chapter focuses on the ERS interferometric phase only.
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8. Tree height estimation

8.1 InSAR phase in forests

It has been mentioned in previous Chapters that, because of the short wavelength, C-
band waves mainly interact with the top layers of the forest canopy and the return
from big branches, trunks as well as double bounces are negligible. Because of gaps
in the forest canopy, part of the signal returned to the radar comes from the ground.
Due to the strong tree attenuation, the ground contribution transmitted through the
canopy can be considered of minor importance.

This combination of surface and volume scattering does not allow exactly locating a
point that can be considered the origin of the backscattered signal. The scattering
origin can be rather considered to be spread out from the top of the canopy to the
ground around one point (the scattering centre) (HAGBERG et al., 1995; FLOURY et
al., 1996b; ASKNE et al., 1997b; SARABANDI & LIN, 2000) (Figure 8.1). The position
of the scattering centre and the spread depend on the fraction of ground seen by the
radar and on the spatial distribution and the strength of the scatterers within the tree
crown. In dense forests, the scattering centre is located a few metres under the
treetops. Young or sparse forests let the incoming wave penetrate more to the ground
so that the scattering centre should be located closer to the forest floor.

e
-~

Incoming wave

\4

Height of the forest
scattering centre

Figure 8.1. Scattering mechanism in a forest with regard to penetration properties
and scattering strength along the forest vertical profile.

A forest is therefore seen by C-band SAR as a topographic feature, with a height
related to the position of the scattering centre above the ground reference level. Since
SAR interferometry can detect topography, the InNSAR phase from two SAR images
of the forest can be used to infer the height of the scattering centre. It has to be
noticed that with SAR interferometry only the height of the scattering centre can be
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determined and not the true tree height. This last parameter can be estimated from the
height of the scattering centre, by means of a compensation for the attenuation
through the tree canopy.

In a repeat-pass configuration, the total SAR phase in a resolution cell is likely to
change between two acquisitions because of the unstable nature of the forest canopy.
Considering a whole forest, not only the scattering centres will have changed
position within the canopy but also the distribution of the scattering around them will
be probably characterized by different properties. In other words, the forest
topography seen by the SAR and the corresponding uncertainty is different at the two
acquisitions. The InSAR phase includes therefore a significant noise component that
dominates the topographic information. In sparse or young forests, where the ground
contribution to the signal echoed back to the radar is relevant, the forest topography
seen by the radar should be less affected by the temporal variability of the scattering
so that the position of scattering centre should be estimated with a higher accuracy.

In Figure 8.2 the distribution of the ERS “tandem” complex coherence has been
reported for a dense stand, a young stand and two clear-cuts in Kéttbdle. Forests
show a diffuse cloud of measurements and a rather spread out histogram, whereas in
open areas the InSAR phase is more concentrated. Similar results have been reported
in (FLOURY et al., 1996a) over intensively managed coniferous forests in South
France. Although these results tend to indicate that the InSAR phase should be
sensitive to forest attributes, the correlation with stem volume was in several pairs
between = (.3, probably because of the strong noise component in the phase values.

8.2 Interferometric tree height

The difference of InNSAR phase between two points has been expressed in Section
2.5.2. If the compensation for flat Earth has been applied and the topography
included in a DEM of the bold Earth has been removed, the difference is related to
residual height differences not included in the DEM (for example the height
difference between a forest and a field), atmospheric path delays and phase noise:

AD=YBi i ¥ ae a0

- /IR SinH ' /1 atm noise

(8.1)

Phase noise is a “property” of the target and therefore cannot be removed. On the
other hand the identification and the correction of atmospheric artefacts is possible
but represents a very delicate matter. In Equation (8.1) the phase unwrapping term
has not been included because in boreal forests the tree height is commonly smaller
than the ERS ambiguity height. To avoid a significant volume decorrelation, the
normal component of the baseline should not be longer than 300 m. For such
baseline, the ambiguity height is around 30 m, which is more than the tree height
typically measured in boreal forests.
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Figure 8.2. Distribution of the complex coherence (a) histogram of phase (b) in two
forested areas (Stand no. 16, V=160 m’/ha and Stand no. 21, V=105 mj/ha) and in
two clear-cuts (Stands no. 17 and 24). Kdttbole, 17-18 March 1996.
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Equation (8.1) can be inverted and from the phase difference between a forest and a
neighbouring flat area (such as an open field), it is possible to determine the
interferometric tree height, i.e. the height of the scattering centre of the forest, also
referred to as effective tree height:

hint = M A(I)meas (82)
47B

n

where A®,,.,s represents the phase difference between the two areas and 4, the
corresponding height jump. If the atmospheric contributions are negligible or have
been correctly removed, the interferometric tree height will suffer from the noise in
the phase estimates only.

The uncertainty in the height estimate, corresponding to the uncertainty in the InNSAR
phase can be expressed as (L1 & GOLDSTEIN, 1990; HAGBERG, et al., 1995):

ARsin @
o, =——0, 8.3
! 47B ? (8.3)

n

The uncertainty can be decreased by averaging over larger areas and by using pairs
with a long baseline. Long baselines have the drawback that volume decorrelation
will affect the coherence, increasing the phase noise.

Equation (8.3) would be sufficient in case the reference area for the height had
coherence close to 1. As this is not the case, the uncertainty in the phase estimate
over the reference flat area must be taken into account as well, so that the total height
uncertainty is expressed as:

_ 2 2
O-h,tot - \/O-h,forest + O-h,ﬁeld (84)

with O',f’ﬁ,res, and a,iﬁe,d representing the uncertainty of the forest and the field height

estimates respectively.

If several estimates are available, they can be combined in a multi-temporal
approach. For interferometric tree height estimation this is a crucial aspect because of
the noisy phase in forested areas. Besides the simple mean value of single-image
estimates, weighted averages can be performed in order to take into account the
properties of each image included in the combination. For example in (FERRETTI ef
al., 1999a) the refinement of a DEM has been performed by means of a Maximum
Likelihood Gaussian estimation:

>

M=
sqw ~

=
Il

i
sqw‘ =

(8.5)
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Wherel;represents the multi-temporal estimate of single-pair height estimates, i;l. (i

represents the pair number with N pairs available). The weights are given by the
noise variance associated to the height estimates, given by Equation (8.4).

8.3 Atmospheric artefacts

Because of the strong phase noise occurring in forests, the computation of the
interferometric tree height requires that the external error sources are minimal for
any interpretation or further application to take place. Assuming that the flat Earth
compensation has been correctly carried out, i.e. the baseline has been accurately
estimated, and the DEM used for removing the topography is accurate enough, the
spatial and temporal variability of the atmosphere represent the major source of error
affecting the InSAR phase.

The wave transmitted by a spaceborne SAR does not propagate undisturbed through
the atmosphere but is perturbed both in the ionosphere and the troposphere. When
passing through the ionosphere the wave gets delayed depending on the electron
density of the medium. Although not completely predictable, the effect of the
ionosphere is related to the day-night cycle. The electron density is higher during the
day and decreases at night. lonospheric effects are therefore less noticeable in SAR
imagery acquired at night, which makes ascending passes preferable. In the
troposphere, the water vapour concentration affects the refractive properties of the
medium, thus causing delays in the propagation of the electromagnetic wave (wet
path delay) (HANSSEN, 1998; HANSSEN et al., 1999). The spatial distribution of water
vapour is related to meteorological conditions, i.e. wind speed and direction,
pressure, temperature and relative humidity. In (GOLDSTEIN, 1995) tropospheric
turbulence and water vapour mixing were indicated as causes of path delays. The
importance of cloud formation was addressed in (MASSONNET & FEIGL, 1995) and
(TARAYRE & MASSONNET, 1996). These observations put a strong limitation on the
usefulness of SAR and InSAR phase in regions characterised by frequent changes of
the weather conditions, as for example in Scandinavia. Nevertheless, it was pointed
out in (HANSSEN, 1998) that tropospheric turbulences decrease at night and water
vapour concentration is lower during winter, thus suggesting that winter pairs
acquired on an ascending orbit can be more suitable for an application of the InNSAR
phase.

Path delays are visible in an InSAR image because the spatial and temporal
variability of the water vapour in the troposphere and the electron density in the
ionosphere differently delay the waves at the two acquisitions, thus creating
additional fringes in the interferogram. In (GOLDSTEIN, 1995) propagation delays
were estimated from atmospheric artefacts on SIR-C interferograms and compared to
results from water vapour radiometer data taken at the time of image acquisition,
showing a clear agreement. GPS measurements were used in (MASSONNET & FEIGL,
1995; WILLIAMS et al., 1998; HANSSEN, et al., 1999; VAN DER HOEVEN et al., 2002)
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to characterise both ionospheric and tropospheric delays observed in interferometric
fringes.

Figure 8.3 illustrates two differential interferograms acquired over the area of
Kittbole. The accurate orbital data and the small uncertainty in the DEM let us
assume that atmospheric heterogeneities caused the fringes. The upper image was
acquired on 21-22 August 1995 while a front of clouds was moving above Sweden
(as shown by NOAA-AVHRR data). Many blobs caused probably by an
inhomogeneous concentration of water vapour are visible. The rather small size, of
the order of 1 km, and the irregular patterns completely altered the topographic
information contained in the image. The lower image was acquired on 29-30 October
1995, clearly showing a fringe with a constant phase slope along the East-West
direction. Weather data reported variable relative humidity throughout the two days
whereas NOAA-AVHRR images showed cloud cover at the second acquisition.

Kitthole

Figure 8.3. InSAR phase imagery affected by atmospheric artefacts acquired over
Kdttbole on 21-22 August 1995 (a) and 29-30 October 1995 (b). Area: 6 x 6 km.

8.4 Filtering algorithms

Because of the unpredictable spatial and temporal distribution of atmospheric
artefacts in interferograms, their compensation is not a trivial task. Corrections can
be either performed by exploiting the scattering properties of objects within a scene
or requires the knowledge of several atmospheric parameters at the time of
acquisition. The first approach aims at determining a reference grid of targets for
which the phase is sufficiently reliable to be used for compensating the phase of the
whole scene (see Sections 8.4.1 and 8.4.2). In the second approach the atmospheric
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path delay is estimated from accurate measurements of temperature, pressure,
relative humidity, wind speed, etc. and the corresponding phase factor is then added
to the InSAR phase. Other filtering approaches exploit specific properties of the
atmospheric fringes. They are commonly used for land dynamics detection;
therefore, only a brief summary is given in this thesis.

8.4.1 Permanent Scatterers technique

The Permanent Scatterers (PS) technique developed at POLIMI is based on scatterers
(the Permanent Scatterers) of the size of a pixel, or even less, that show a coherent
behaviour in time throughout a set of N+/ SAR images (FERRETTI et al., 1999b;
FERRETTI ef al., 2001). The phase stability allows visual identification of Permanent
Scatterers because a coherent summation of the N+/ images returns very bright
points, where the scattering has been stable and strong throughout time, on a rather
dark background, where the phase has changed in time. Figure 8.4 illustrates this
concept from a vectorial point of view. The coherent sum of the electromagnetic
fields over several acquisitions returns a very long vector for a stable scatterer,
otherwise fading occurs.

Scattering varying in time

Ideal stable scattering

Figure 8.4. Coherent addition in phase for two resolution cells characterised by
stable scattering and temporally variable scattering. Grey arrows represent the ideal
stable scattering condition. The second case is described by dashed components and
the thick black resultant. All vectors have the same length and represent unity
vectors. The coherent addition does not take into account the amplitude of the
scattering but purely the phase (SANTORO, 2001).

The definition of a target as Permanent Scatterer is based on the N interferometric
pairs that can be produced, using the remaining image as common master.
Commonly almost total decorrelation and a completely noisy InSAR phase are
observed in these interferograms. Only the Permanent Scatterers show high
coherence and contain phase information, because they have a very strong scattering,
are stable in time and do not suffer from baseline decorrelation. PS are selected from
the inversion of a set of equations of the sort in Equation (2.17) (FERRETTI, et al.,
2001) and from their phase an atmospheric phase screen (APS) is estimated. SAR
imagery filtered with the APS is used for interferometric processing. The
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requirements for a correct estimation of the APS are a large set of SAR images
(approximately 40) and a very dense grid of PS (above 20 per square kilometre).
These very stringent conditions are met mostly in urban areas and, in general, in
areas where stable scattering occurs. In large forested areas this approach is not
recommended because of the scarcity of targets identifiable as Permanent Scatterers.

(a) (b)

Figure 8.5. Mean backscatter amplitude of 64 ERS SAR images of the Bois de
Boulogne (courtesy of POLIMI) (a), wrapped topographic InSAR phase acquired on
February 1996 (B, = 78.09 m) (b). On the left side of the Bois, the two horse
racecourses appear as dark areas in (a) and as uniform green in (b).

The potential for tree height estimation of atmosphere-corrected SAR images using
the PS technique was evaluated in the forested area of the Bois de Boulogne, Paris,
France (SANTORO, 2001). Nine one-day ERS pairs acquired between June 1995 and
April 1996, and a reference master ERS SAR image acquired on 8 March 1997 were
available. Both one-day and long-term pairs were produced. The latter were then
discarded in the analysis because they appeared completely decorrelated. The Bois
de Boulogne is a wood surrounded by extremely dense urban areas, covers 865 ha
(approximately 3.7 km in the North-South direction and 2.4 km in the East-West
direction) and houses two horse racecourses that were used as reference fields for the
tree height estimation (they are referred to as Field 10 and Field 11). Figure 8.5
shows the Bois in a mean backscatter amplitude image and in a topographic InSAR
image. The two racecourses are clearly visible because of the low backscatter and the
uniform phase. Forests appear brighter in the backscatter image and very noisy in the
InSAR phase image. Trees mostly belonged to temperate broadleaf species and
densely covered the whole area. At the end of December 1999 a storm damaged
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around 40% of the forests. Since the wood was surveyed and several forest attributes
were measured two years later, the collected measurements might have not
represented with high accuracy the properties of the forests when the images were
acquired. Five areas with homogeneous forest cover were identified (Forest 1, 2, 3, 6
and 9). Stands were between 16 and 30 ha large in order to minimize the uncertainty
of the corresponding phase estimates. Additionally an area with sparse vegetation
was considered (Area 12). The InSAR phase difference between the five forest
stands and the closest reference field was inverted to determine the interferometric
tree height.

The coherence showed the typical patterns for forests and open areas reported in
Chapter 4. In forested areas the coherence was mostly below 0.3, being above this
level, up to 0.46, in three winter pairs. The two fields showed a higher coherence
(between 0.4 and 0.64) except when rainfall occurred at the time of acquisition. The
coherence of Area 12 depended on the season, being lower in summer pairs (0.25-
0.33) and higher in winter pairs (0.46-0.63). These results should be due to the fact
that the area was not a homogeneous open field but was covered with a 1-2 m thick
vegetation layer.

The estimated interferometric tree height showed a large variability (Figure 8.6).
Four forest-field areas were always characterised by values ranging from slightly
above the ground level up to some metres above the canopy. The oscillations of the
estimates could be due to the rather high phase noise, as shown by the coherence
values. Despite the large number of looks, the instability of the scattering between
two acquisitions seemed to dominate the estimated interferometric tree height.
Nevertheless it can not be excluded that residual atmospheric artefacts still affected
the images since the PS give only an estimate of the atmospheric phase screen
(FERRETTI, ef al., 2001) and within the Bois the density of PS was low. Furthermore
slight errors were found in the flat Earth compensation, which might have caused
additional noise. The fifth forest-field area showed interferometric tree heights both
above and below the ground level, because the INSAR phase of the reference area
(Area 12) was characterised by a variable uncertainty, dependent on the state of the
vegetation throughout the year.

The estimated interferometric height was generally around or above the measured
height in Forests 1 and 2. When surveyed, both forests appeared to have had a dense
canopy and a uniform vegetation cover at the time of acquisition. Forests 3 and 6
were instead characterised by larger openings between trees and thick understory
(between 0.5 and 2 m high) forming a second vegetation layer. Furthermore, Forest 6
included both tall and short trees, being less homogeneous than other stands. In both
areas the height estimates were consistently below the measured tree heights, which
was due to the fact that the SAR saw a larger portion of ground.

Having available several pairs acquired during the leaf-off period (November 1995 -
March 1996), the dynamics of the scattering height throughout a year were
investigated. In broadleaf forests the interferometric tree height should be higher in
summer and lower in winter because of larger gaps in the crown. Unfortunately the
values reported in Figure 8.6 did not clearly support this assumption.
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Figure 8.6. InSAR tree height estimates for five forest-field pairs. The error bars
represent one standard deviation, computed according to Equation (8.5).

With a multi-temporal combination of single-pair interferometric heights, errors
could be partially removed (Figure 8.7). Weighted averaging according to Equation
(8.5) did not perform differently than a simple average. In the rather dense and
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homogeneous forests (Forests 1 and 2) the interferometric height was close to the
measured tree height. In Forests 3 (forest with wide openings) and 6 (sparse forest)
the interferometric height underestimated the true height as one might have expected.
Hence, the combination of estimates from several pairs had a strong effect in
reducing the noise in the estimates and highlighted the scattering properties of the
forests under investigation.
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Figure 8.7. Comparison between a simple average of InSAR heights from seven one-
day pairs and in situ measurements. The vertical bars represent one standard
deviation in the estimate of the InSAR height between the forest and the field (from
Equation (8.5)). The horizontal bars represent one standard deviation in the in situ
measurements.

8.4.2 6rid of open areas

Alternatively to the PS technique, large open areas with high coherence (bare soils,
fields, clear cuts) can be used as reference “grid”. In a differential interferogram,
open areas have the same height, equal to the ground reference level. Moreover, the
error in the phase estimate is small because of the high coherence and the large
number of pixels used to compute the estimate. Therefore, if there are phase
differences among fields, they should indicate that the image is affected by
atmospheric artefacts. Similarly to the approach presented in the previous sub-
section, the InSAR phase from a grid of open areas can be used to determine an
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atmospheric phase screen. The phase is interpolated over the whole image and the
phase screen is then removed from the differential interferogram (DAMMERT, 1999).
As in the PS technique, a dense grid of reference fields is needed to obtain a
reasonable correction. Compared to the PS approach, the phase compensation using
reference fields is more feasible in forested areas. However, if a field is only partially
affected by atmospheric artefacts, the phase screen might include errors, thus leading
to a wrong correction. The size of the reference areas is therefore based on a trade-
off between having as many pixels as possible for a correct estimate of the phase and
limiting the effects of the spatial variability of the artefacts within the open area.

This approach was applied in Kéttbole and Tuusula. Since forests covered in both
cases most of the area and only a few farms were scattered around, the number of
Permanent Scatterers would have been totally insufficient for phase correction. In
Tuusula the density and the size of reference fields was considered sufficient to
obtain a reliable estimate of the phase screen. To prove whether the correction had
correctly worked, the height differences of four fields with respect to a “master” field
were computed.
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Figure 8.8. Height difference between four fields and a “master” open area in the
Tuusula region. The field size was between 11 and 33 ha. The “master” field size
was 33 ha. The error bars represent the uncertainty expressed in terms of one
standard deviation from Equation (8.5).
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Figure 8.8 reports the height differences before and after the phase compensation for
each pair available. Overall, the filtering algorithm could strongly reduce the
atmospheric artefacts. These were correctly compensated for when weather was
stable at the time of acquisition, whereas residual errors still affected the InSAR
phase when the environmental conditions had changed at the time of the acquisitions.
The low coherence introduced large errors in the phase values and a strong
uncertainty in the InSAR phase, thus affecting the interpolation. For heavy rainfall or
snowmelt (September 1995 and first April 1996 pair) the errors decreased only
partly. In other pairs where partial decorrelation of the ground occurred (October
1995, second pair April 1996, June and July 1996), the filter could remove almost all
artefacts. The effect of path delay differences within a reference area was not taken
into account. The rather small height differences after correction suggested that this
aspect is of minor importance, at least when the spatial variability of the atmospheric
properties is limited.

The forest estate of Kittbole is located in the centre of a forested area of
approximately 20 km diameter. At the perimeter few fields are scattered, but most of
them are too little to obtain the sufficiently accurate phase estimates required by the
procedure. Only five open areas could be identified as reference, a number that was
considered too small for filtering. Because of this limitation the atmospheric effects
could not be corrected. Nevertheless, the phase measurements from each reference
area were used to quantify the phase distortions caused by atmospheric artefacts in a
pair in order to decide whether it should have been kept or rather discarded.
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Figure 8.9. Distribution of height for the five reference open areas located around
Kdttbole. The (a) stands for “ascending” pass.
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For six pairs Figure 8.9 shows the deviation of height from a reference ground level.
The pairs reported in Figure 8.3 were characterised by the largest deviations. Smaller
height differences were found in pairs acquired during the winter, at rather stable
weather and atmospheric conditions. Similar results were given by the height jump
measured between two neighbouring clear-cuts within the test-site. Pairs acquired
under stable weather conditions, without large atmospheric changes (i.e. constant and
low relative humidity) showed the smallest difference (between —1 and 4 m). In other
cases, differences above 10 m were obtained.

8.4.3 Estimation of atmospheric path delay

Several authors have reported a remarkable agreement between the path delays
estimated from InSAR phase imagery and the values predicted by behavioural
models of the ionosphere and the troposphere, suggesting that the distortions in the
InSAR phase can be corrected if measurements of the propagation delay are
available (TARAYRE & MASSONNET, 1996; ZEBKER et al., 1997; DELACOURT et al.,
1998; WILLIAMS, et al., 1998). The derivation of the propagation delay is generally
obtained from ground-based measurements of meteorological variables, GPS and
water vapour radiometer observations. For an accurate correction of the atmospheric
artefacts, a spatially dense set of measurements, taken at the time of the satellite
acquisitions, is needed. SAR images are seldom acquired simultaneously to GPS and
radiometer measurements. Moreover, the highly spatial and temporal resolution
required for an accurate compensation makes such approach feasible only in
dedicated experiments.

Because of the limited meteorological data available at the test sites, a phase mask of
tropospheric disturbances could not be obtained. Nevertheless, this procedure was
investigated to determine an approximate measure of the variability of the
tropospheric delays in order to judge whether the InNSAR phase of a pair was suitable
for any application. The analysis was carried out only in Kaittbole, where
meteorological data were available at more than one weather station.

The model presented in (ZEBKER, et al., 1997) was used to give a rough estimate of
the tropospheric delays over an area close to the test site. The model required the
knowledge of the temperature and the relative humidity at acquisition. Data were
available at two weather stations only, located 2 and 40 km from Kittbole; therefore,
the results could be used only to indicate whether a pair was “clean” from artefacts.
The path length at the two stations was first estimated and then the path difference
was computed. From Table 8.1 the ascending pair acquired in March 1996 did not
seem to be affected by atmospheric artefacts. The delays estimated for the
descending March pair and the ascending April pair should have been due to the very
rough approach rather than to atmospheric perturbations. These were indeed clearly
affecting the pairs acquired in August 1995, and the descending pair from April
1996. This pair in particular was the only case that showed a result in partial
disagreement with the height jumps obtained using the previous approach. Little
precipitation registered at several weather stations and thick clouds over the area
visible in NOAA-AVHRR imagery suggested that atmospheric artefacts affected the
pair.
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August 1995  October 1995 March 1996 (a) March 1996 April 1996 (a) April 1996

176 m NA 2 m -14m 10 m 63 m

Table 8.1. Height difference due to atmospheric path delay estimated according to
(ZEBKER, et al., 1997) at two weather stations located 2 and 40 km from Kdttbéle. (a)
and (d) stand for “ascending.

The two filtering approaches applied in boreal forests show that images acquired at
night, i.e. on ascending orbits, were the most suitable for phase exploitation,
confirming the indications reported in (HANSSEN, 1998). When working with
descending passes, cloud cover and changes in the water vapour content strongly
altered in most cases the phase information, making such pairs unsuitable for any
application.

8.4.4 Other methods

Because of the non-systematic nature of atmospheric artefacts, (SANDWELL & PRICE,
1998) stacked several differential interferograms to minimize them. Although the
procedure provided accurate results, this method cannot be used for topographic
interferograms because the accuracy of the inversion of phase to height is strictly
related to the baseline (ZEBKER, ef al., 1997). The use of two or more interferograms
and an ad hoc algorithm were found to successfully detect and suppress atmospheric
artefacts (SARTI et al., 1999; FRUNEAU & SARTI, 2000; CROSETTO ef al., 2002). None
of the methods were found to be suitable in forested areas though.

8.5 Interferometric tree height estimation

As previously mentioned and then showed with the results in the Bois de Boulogne,
the interferometric tree height is referred to the height of the scattering centre within
the forest canopy, thus being smaller than the true tree height. For the mostly
coniferous forest estate of Landes, Southwestern France, (FLOURY, ef al., 1996b) and
(FLOURY, et al., 1996a) showed that the interferometric height depends on the age,
i.e. on the structure, of the forest. For older forests, the penetration depth decreases
and therefore the interferometric height tends towards the true height. At the
managed pine forest at Thetford, United Kingdom, (SKINNER et al., 2002) illustrated
that the mean InSAR height and the top height were almost uncorrelated. In boreal
forests investigations have been carried out mostly during winter, when the ground
was covered with snow. This condition guaranteed the highest ground coherence and
the smallest uncertainty in the phase estimate of the ground reference level. The
three-day repeat-pass cycle of the ERS-1 mission in 1992 allowed the formation of
several pairs over Hokmark, a forested area in North Sweden. In a dense 15 m tall
forest (HAGBERG, et al., 1995) obtained interferometric tree heights a few metres
below the true level for in pairs with baselines longer than 200 m. Very small values
were estimated in pairs with baselines below 100 m as well as in a sparse 10 m tall
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forest. On the same area, several other studies showed instead heights varying
between 0 and 7 m (DAMMERT et al., 1995; ASKNE et al., 1997a). Similar results
were obtained in three forests stands within the same test site by (DAMMERT &
ASKNE, 1998), where the effective height was found to represent up to 60% of the
true height, and in (HYYPPA & ENGDAHL, 2000), where forests in InSAR ERS
“tandem” DEMs were characterised by offsets of a few metres with respect to the
ground level. Unfortunately pairs acquired in other seasons were always affected by
atmospheric artefacts at acquisition, which did not allow the determination of
accurate estimates and the possibility of a comparison with the winter-type
interferometric tree height.

The estimation of interferometric tree height should depend strongly on the number
of pixels used for averaging. Although large forest stands already have a size
sufficient to obtain relatively good estimates, groups of stands with similar
characteristics in terms of stem volume and height include many more samples, thus
decreasing the uncertainty of the stand-wise InSAR phase. The drawback of
grouping stands is that stands might not have all the same properties and structure,
causing an inevitable dispersion of values.

In Kittbole the interferometric tree height for the 42 forest stands has been estimated
using as reference ground level the two clear-cuts in the forest estate. Only pairs
characterised by stable weather conditions were considered. To increase the amount
of plots and pixels for more accurate tree height and InSAR phase estimates,
neighbouring stands were grouped according to similar forest properties. Eleven
large stands with a size between 2 and 66 ha, uniformly covering the range of stem
volumes measured in the area, were obtained. The two clear-cuts were grouped
together and became the reference ground level. In Tuusula the rather small size of
the stands suggested to carry out the study directly on grouped stands. Six large
groups of stands were formed, having a size between 11 and 30 ha (DAMMERT,
1999). Two groups consisted of rather young stands. The remaining four areas
consisted of clusters of neighbouring mature stands with similar forest properties.

From Equations (8.2) and (8.4) the interferometric height and the corresponding
uncertainty were estimated. For each pair considered in Kittbole, Figures 8.10 and
8.11 illustrate the relationship between the interferometric and the measured tree
height at stand level and for grouped stands, respectively. Interferometric tree height
estimates from Tuusula have already been thoroughly discussed in (DAMMERT,
1999), therefore they are considered in this Section as means of comparison.

The pairs acquired in August and October 1995 did not show any relationship
between the true and the interferometric tree height. This confirmed the strong effect
of the atmospheric artefacts, proving that the methods based on the evaluation of
height differences in open areas represent a valid tool for a preliminary evaluation of
an interferogram. In October 1995, the estimates were worsened by the short normal
component of the baseline, which had the effect of increasing the uncertainty in tree
height estimates.
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Figure 8.10. InSAR versus measured tree height at stand level in Kdttbole (42
stands). The error bars represent one standard deviation in the InSAR tree height
estimates.

The pairs acquired in March and April 1996 clearly underestimated the tree height.
However, two different trends could be spotted. The pairs acquired on an ascending
orbit (12-13 March and 16-17 April) showed interferometric heights closer to the
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Figure 8.11. InSAR versus measured tree height for 11 grouped stands in Kdttbole.
The large amount of pixels has decreased the uncertainty of the InSAR tree height
estimates so that the error bars are not clearly visible.

ground level than to the true height. Furthermore, these did not seem to depend on
forest properties, being always below 6 m. A similar behaviour was observed in
Tuusula for winter-frozen conditions. The pairs acquired on a descending orbit (17-
18 March and 21-22 April) showed noisier height estimates, being between a few
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metres below the true height and slightly negative values. These pairs had probably
been affected by atmospheric artefacts, as shown in particular in the April pair, or by
the heterogeneous properties of the snow covering the ground at the time of
acquisition. This assumption finds support in Tuusula where the noisy values
obtained from several filtered interferograms were interpreted as being affected by
the dielectric properties of the snow cover. A snow layer introduces volume
scattering where the wave has reached the ground passing through the gaps.
Therefore the total phase returned to the SAR consists of two volumetric terms,
which should introduce an even larger absolute and relative uncertainty in the
measured phase. Unfortunately a detailed description of the snow cover within each
stand was not available, thus not allowing any further investigation on how snow
cover affects the interferometric height.

When stands were averaged over larger areas, the slightly shorter error bars show
that part of the uncertainty was filtered out. Nevertheless the trends observed at stand
level did not change (Figures 8.10 and 8.11). This proves that interferometric tree
height can be determined already at stand level and that averaging over large areas
only decreases the uncertainty in the estimates, but does not alter the value of the
estimate.

Based on these results, the scattering centre of the forests should be well below the
top of the canopy. This is somehow in contrast not only with the theory for which the
scattering centre is located almost at the top of the forest canopy, but also with the
results obtained at the Bois de Boulogne and in some of the cases reported by
(HAGBERG, et al., 1995) in North Sweden. Taking into account that the images were
acquired during winter, the larger penetration of the electromagnetic wave into the
canopy as a consequence of the frozen state of the trees could explain the low height.
This interpretation is in accordance with the explanations reported in Chapter 4 and 6
concerning the unusual high coherence observed in these pairs in dense forests. Since
stands mainly include coniferous tree species, the high coherence can definitely not
be explained in terms of an increased number of gaps in the canopy because of
leafless tree crowns.

8.6 Model-based tree height

Once the IWCM has been trained it is possible to:

o Determine the model-based interferometric tree height and compare it to the
measurements obtained from InSAR phase estimates.

o Compensate the interferometric tree height estimates using the model to
retrieve the total tree height.

As shown in Section 5.4.2, the inversion of the phase of the IWCM complex
coherence by means of Equation (8.2) returns the model-based interferometric tree
height. Figure 8.12 illustrates the interferometric tree height predicted by the IWCM
as function of stem volume in Kiéttbole. The tree height derived from Equation (3.1)
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is included for reference. The plots show that the interferometric tree height was
always below the true tree height. The difference between the two curves decreased
for increasing stem volume, because the wave attenuation increased in denser forests.
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Figure 8.12. Measured tree height according to Equation (3.1) (dashed line) and
model-based InSAR tree height (solid line) versus stem volume at stand level. Test
site: Kdttbole. The error bars represent one standard deviation in the InSAR height
estimates.
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Due to the atmospheric artefacts, there was no accordance between measured and
modelled interferometric tree height in the first two pairs and, to a lesser extent, in
the second pair acquired in April 1996. For the remaining pairs, the model seemed to
describe well the trend between the interferometric tree height and stem volume.
Nevertheless, at high stem volumes, the experimental interferometric tree height was
in two cases smaller than the value predicted by the model. Taking into account that
the pairs were acquired during winter, this result was initially interpreted in terms of
a weaker attenuation of the electromagnetic wave in the tree crown. In order to verify
this assumption, model training was performed with a set of two-way tree attenuation
values between 0.4 and 1 dB/m. The model-based interferometric tree height
decreased but only slightly and in dense forests the predicted height was still bigger
than the experimental.

Although the IWCM seemed to describe the relationship between stem volume and
interferometric tree height, the errors and the large uncertainty in InSAR phase
measurements did not allow an accurate compensation for tree height retrieval. Tree
height was estimated in Kéttbole from single pairs and then using a multi-temporal
combination based on a weighted average as defined in Equation (7.5). As for stem
volume retrieval at stand level, the model was trained on 21 stands and tested on the
remaining 21. The single-image retrieval did not provide any significant result. The
multi-temporal combination of tree height estimates only slightly decreased the root
mean square error, this being at around 7 m, but still the correlation between
retrieved and true tree height was close to zero (Figure 8.13).
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Figure 8.13. Model-based tree height obtained from a combination of three ERS
InSAR pairs (12-13, 17-18 March and 16-17 April 1996) over Kiittbole. The test set
consisted of 21 stands.
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In order to understand why stem volume retrieval from coherence is much more
accurate than tree height estimation from InSAR phase, let us consider the vectorial
representation of the IWCM introduced in Chapter 5. Given a stand with stem
volume ¥, in Figure 8.14 we report the complex coherence vector measured in the
interferometric image and the corresponding modelled complex coherence vector
obtained after training the IWCM. The two complex coherence vectors have the
same length but different angles with respect to the horizontal reference line. The
two vectors have the same length because the coherence predicted by the IWCM is
commonly close to the value measured in the image. The strong noise component in
the phase estimates explains the different angles. Because of this difference, the stem
volume, 77, at which the IWCM predicts the observed total forest complex
coherence, does not coincide with the true value. In case of short baselines, even for
small discrepancies between the phases of the two vectors, the experimental data can
only be fitted at unrealistic stem volumes (too high for the area of interest or
negative), thus explaining why tree height is determined with significant errors.
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Figure 8.14. Comparison between model-based and experimental forest complex
coherence. Although the two vectors have the same length, i.e. the same coherence,
the different interferometric phase will make the model fit the measurement at a stem
volume V’ which does not correspond to the true value V.

8.7 Conclusions

The possibility of deriving the topographic feature of forests using the ERS InSAR
phase has been analysed in this Chapter. Because of the strong attenuation of the
wave in the upper layers of the forest canopy, the SAR sees a forest as topography,
which is not related to the true height but to the height of the scattering centre of the
forest. This is located between the treetop and the forest floor depending on amount
and size of gaps in the crown. Because of the temporal instability of the canopy, the
forest topography seen by the radar changes between acquisitions so that the InNSAR
phase is characterised by a strong noise component and suffers from large spread.

A major problem affecting the INSAR phase is the presence of atmospheric artefacts.
In order to remove them, several filtering methods found in the literature were tested.
After correction with the PS technique, the height of the scattering centre in the Bois
de Boulogne, Paris, oscillated around the true height in dense forests, whereas it was

139



8. Tree height estimation

constantly below the true height in sparse forests. The low coherence in dense forests
and the fact that the phase correction might have not worked properly in the Bois, are
two valid explanations for the temporal variations of the height in dense forests. A
multi-temporal combination of single pairs interferometric tree heights filtered part
of the noise out. The height of the scattering centre was determined a few metres
below the tree top in dense forests and further down in sparse forests, being in good
agreement with the theory. The main drawback of the PS technique is that it requires
a dense grid of stable scatterers, a condition impossible to be met in boreal forests.

In boreal forests the method based on a grid of open areas seems to be the only
reasonable filtering approach. Nevertheless the requirement of a dense grid of open
areas limits the application in areas largely dominated by forests.

The results obtained with this procedure and the one based on the estimation of the
atmospheric path delay suggest that it is more sensible to choose pairs acquired at
well-defined times and weather conditions rather than to apply a phase correcting
algorithm to the interferogram. Pairs acquired at stable weather and atmospheric
conditions, at night, possibly with a long baseline, seem to provide the most reliable
phase estimates. This represents a major limitation to the use of the InSAR phase in
particular in Scandinavia. The quite variable weather conditions severely affect the
phase, thus strongly decreasing the amount of interferometric pairs with reliable
phase values.

The interferometric tree height can be retrieved only from pairs that have an interval
between acquisitions as short as one day. For longer intervals, the coherence of the
reference open field drops to the noise level and the phase does not provide any
information. For the same reason, “tandem” pairs acquired at any weather event
(precipitation, freeze/thaw) should be discarded.

In the few pairs not affected by major atmospheric disturbances the interferometric
height was estimated well below the level expected. These pairs were all acquired in
winter. A larger penetration due to the frozen state of the trees can explain the low
height of the forest scattering centre. Unfortunately,the lack of pairs acquired during
the summer, without major atmospheric artefacts, limits the conclusions regarding
the behaviour of the interferometric height to winter conditions.

From the IWCM the model-based interferometric tree height has been determined
and compared with the estimated stand-wise values. For pairs not affected by
atmospheric artefacts, the model seems to describe well the relationship between
stem volume and the interferometric tree height. Unfortunately, the large number of
pairs with some type of disturbances (ground decorrelation and atmospheric events)
limits the evaluation of the results to a few cases. Nevertheless, it has been clearly
shown that in forests phase effects occur and therefore they must be taken into
account when modelling the relationship between coherence and InSAR phase on
one side and stem volume on the other.

Using the IWCM it is theoretically possible to compensate the interferometric height
for attenuation and volumetric decorrelation in order to retrieve the true tree height.
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Ideally pairs with long baselines, which are more sensitive to height variations, are
preferable but they would suffer from volumetric decorrelation that causes errors in
the estimates. Moreover, the vegetation decorrelation term would in such case be
very short so that the InSAR phase is almost insensitive to stem volume, whereas the
model-based interferometric height curve is almost horizontal. Hence, pairs with an
intermediate baseline length and a high temporal coherence of the vegetation give the
most suitable conditions for tree height retrieval. In the investigations, the pairs not
affected by atmospheric noise were not the most suitable for the compensation: either
the vegetation decorrelation was too strong or the baseline was too short.
Furthermore, the rather large errors affecting the interferometric height explain the
poor estimates of the total tree height. In such cases a multi-temporal combination of
tree height estimates improves results only partially.

Considering that in Scandinavia the weather conditions are very variable and that the
ideal conditions just reported appear quite improbable, tree height estimation from
InSAR phase in this region does not seem to be feasible. Investigations of pairs
acquired in East Canada and Siberia are suggested because of the much more stable
meteorological conditions. In particular images acquired in winter, at night should be
considered. Such investigations would set an important benchmark for the estimation
of tree height using C-band repeat-pass InSAR phase in boreal forests.
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Chapter 9

Conclusions

9.1 Summary of the thesis

As reported in the Introduction, the aim of the work reported in this thesis has been
“to increase knowledge on how the ERS and JERS SAR and SAR interferometry see
boreal forests and provide methods and tools based on SAR and SAR interferometry
for boreal forest monitoring”. The extensive data set of satellite images acquired over
several test sites located in Sweden, Finland and Siberia has been fundamental for
analysing the spatial and temporal properties of ERS and JERS backscatter,
coherence and InSAR phase in boreal forests. Furthermore, it has allowed
development of model-based procedures for the retrieval of forest attributes, having
as input one or more SAR and InSAR quantities.

The ERS backscatter suffers from large spread of values and low sensitivity to forest
properties, whereas the JERS backscatter is characterised by higher sensitivity to
forest attributes and larger dynamic range, in particular for dry-unfrozen conditions.
At both frequencies seasonal dependence in terms of frozen/unfrozen conditions
affect the backscatter in dense forests, whereas the dielectric properties of the ground
(wetness, snow cover, soil moisture) determine the values registered in sparse
forests. The influence of seasonal dynamics is stronger at L-band than at C-band. In
particular, the strong correlation between temperature and JERS backscatter suggests
that L-band backscatter can be used as an index to follow tree activity.

At the test sites investigated, the ERS coherence contained information only for short
repeat-pass cycles. The one-day coherence is significantly related to forest
properties, being lower in dense than in sparse forests. Wind is the main agent
decorrelating the vegetation, unless frozen conditions occur, whereas in sparse
forests the commonly high coherence decreases due to changes of the dielectric
properties of the forest floor. Long baselines and repeat-pass cycles limit the
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exploitation of JERS coherence for forest studies, although promising results have
been obtained in other studies.

Knowledge of backscatter and coherence properties provides the background for
modelling approaches and retrieval of forest parameters. In this thesis, the Water
Cloud Model and the Interferometric Cloud Model have been used for modelling the
backscatter and the coherence respectively, as function of stem volume. Model
training needs a reliable procedure and an accurate set of remote sensing data and
stem volume measurements. These must be uniformly distributed in the range of
stem volumes typical of the area investigated.

Using a coupled iterative method, in which two regressions are considered
simultaneously, the models have been proved to fit ERS backscatter and coherence
data acquired under several environmental conditions. Estimates of the five unknown
model parameters are realistic, showing the physical consistency of the WCM and
the IWCM. When environmental changes at acquisitions occur, there can be some
discrepancies in the coefficient of the two-way forest transmissivity, £, which need
further investigation. JERS backscatter modelling is well performed by means of the
WCM under several weather conditions. The estimates of the two backscatter
coefficients are physically valid for dry-unfrozen weather conditions. Discrepancies
can occur for S both temporally, in case of precipitation or frozen conditions, and
spatially, depending on the location of the test site. In this second case, not only
unequal distribution of stem volumes but also the management system can cause
such differences. The spatial inconsistency of [ suggests the need for further
investigations throughout the boreal zone, in order to prove how strong the
dependence of the WCM upon the local conditions of the forest is. Although it could
not be proved in this thesis whether such dependency occurs for ERS data, it is
theoretically possible that the modelling of ERS backscatter and coherence by means
of the WCM and the IWCM presents the same problems.

Stem volume retrieval is most feasible using one-day interval ERS coherence. The
procedure based on the inversion of the IWCM and a multi-temporal combination of
images acquired under winter stable conditions can provide estimates comparable to
values measured in local surveys. The inversion of the WCM using JERS backscatter
is suggested under dry-unfrozen conditions. Although the estimates are slightly
worse than in the previous case, the temporal consistency of the estimates and the
multi-temporal combination return rather accurate results, indicating that the JERS
backscatter is a possible candidate for stem volume retrieval in boreal forests.
However, the different retrieval accuracy obtained in both cases at the test sites under
investigation clearly stresses the importance of the ground-truth measurements and
the remote sensing data quality for accurate stem volume retrieval.

The retrieval procedure presented in this thesis requires similar environmental
conditions all over the test area, which can be a limiting factor in regions
characterised by frequent weather changes. At plot level and, to a lesser extent at
regional scale, it has been shown how the weather conditions can introduce
significant errors in the estimates. If there are spatial differences in the environmental
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conditions, spaceborne repeat-pass InNSAR can be considered suitable for mapping of
large areas only when averaging over many pixels.

The interferometric phase (in this thesis only the ERS case was considered) includes
strong noise components due to the temporal instability of the canopy and to
atmospheric heterogeneities. Although the atmospheric contribution is theoretically
removable, the phase noise is a property of the target and strongly decreases the
information content of the measurements. Images filtered with the Permanent
Scatterers technique are promising for forestry studies but only in semi-urban areas,
because of the high number of stable scatterers required. In boreal forests the
reduction of atmospheric artefacts is feasible only with a dense reference grid of
open areas. Since this requirement is seldom met, it is more sensible to choose
beforehand the pairs to be used on the basis of meteorological information rather
than post-processing the data. Pairs acquired at night, during winter, under stable
weather conditions are more suitable because less affected by artefacts.

The inversion of the interferometric phase in Kittbole and Tuusula shows the strong
influence of atmospheric artefacts and phase noise on the estimation of the
interferometric tree height. For the few pairs not affected by the irregular properties
of the atmosphere, the interferometric height was very low and almost uncorrelated
with forest properties, such as stem volume. Since these images were acquired under
winter-frozen conditions, the larger penetration of the wave through the canopy can
explain the low height. By means of the IWCM, the interferometric tree height can
be compensated for attenuation and volumetric effects. Nevertheless, the tree height
estimates suffer from large errors due to phase noise. Of great interest would be a
comparison with summer acquisitions under stable atmospheric conditions, possibly
characterised by a baseline between 100 and 200 m.

Summarising the results, it is possible to assert that spaceborne repeat-pass SAR
interferometry is a data source from which reliable and accurate estimates of forest
stem volume can be obtained. C-band one-day coherence and, to a lesser extent, L-
band backscatter can provide estimates comparable to ground-based inventories at
stand level. For tree height estimation the potential of the IWCM-based approach
using C-band interferometric phase has been shown. Nevertheless, phase noise and
atmospheric artefacts strongly limit the results achievable. Independently of the
application considered, the applicability of the model-based methods for forest
attributes estimation in the boreal zone need stable weather conditions, both spatially
and temporally, and clear definitions of the forests under investigation.

9.2 Future outlook

With the end of the ERS-1 mission, C-band repeat-pass SAR interferometry in
forests has lost its big appeal because of the 35-days repeat-pass cycle characterising
the ERS-2 and the ENVISAT missions. For forestry applications the use of C-band
long-term coherence does not seem to be feasible in the whole boreal zone. Very
stable weather conditions on a rather long time period are required for stem volume
retrieval. Such conditions are more likely to be met during the winter in North
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Scandinavia, the Eastern regions of Russia and East Canada, when snow covers the
ground and the temperature is constantly below the freezing point. Nevertheless,
based on the results obtained for winter-frozen conditions, larger penetration of the
electromagnetic wave can be foreseen, which could decrease the sensitivity of the
coherence to the forest attributes.

The situation is even more critical for the InNSAR phase because atmospheric changes
are very likely in the timeframe of one month. Hence, for several years investigations
on interferometric tree height will not be possible.

The future of L-band spaceborne SAR and SAR interferometry appears much more
promising, considering the launch of the ALOS satellite in 2005, which will carry
onboard the fully polarimetric L-band system PALSAR. The interesting results
described in this thesis and those achieved in several airborne and spaceborne L-band
missions, indicate a strong potential of the L-band backscatter in many forestry-
oriented applications, including the estimation of forest attributes, in the whole
boreal zone. The repeat-pass coherence of ALOS should in principle behave as the
JERS coherence, since the revisit period will be only two days longer (46 days). If
the launch of ALOS is successful, it will be theoretically possible to investigate the
dynamics of forests over at least two decades using spaceborne backscatter and
repeat-pass coherence.
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Appendix A

This Appendix describes the derivation of the second vegetation contribution in
Equation (5.12) from Equation (5.11)

If we express the volume decorrelation term in the Eulerian form of a complex
number, Ae’?, we obtain:

o 1

Amplitude of - > A=—F——-o (A.1)
a—jw o)
I+ (j
a
Phase of — - > Q= arctan(g) (A.2)
a—jo a

The vegetation contribution to the total coherence becomes:

Ty =177 e Tre 1 e‘i‘mm(SJ (e —e) (A.3)

veg o
O for oY
I+ —
o

which can be rewritten as follows:
(2] ) "

veg

where £ is a real quantity defined as:
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Expanding the arctangent in Taylor series:

Jj-arctan [a)) j[a)+aJ3+a)5+ J
' a a 3a® s5a°
e “=e (A.6)
we obtain:
(58]l
. -1 Sl 3 3T 5 Jj-arctan| —
r, = k.e—jw(h—a ).e at5at ) _p g P (A.7)

If the two-way tree attenuation is strong, the second term can be neglected.
Furthermore, if @ <<, Equations (A.5) and (A.7) can be finally written as:

o

O-veg

k=07 — (A.8)
O-/br

S (A.9)

veg
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