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Rauste, Yrjö. Techniques for wide-area mapping of forest biomass using radar data. Espoo 2005. 
VTT Publications 591. 103 p. + app. 77 p. 
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Abstract 

Aspects of forest biomass mapping using SAR (Synthetic Aperture 
Radar) data were studied in study sites in northern Sweden, Germany, 
and south-eastern Finland. Terrain topography – via the area of a 
resolution cell – accounted for 61 percent of the total variation in a 
Seasat (L-band) SAR scene in a hilly and mountainous study site. 

A methodology – based on least squares adjustment of tie point and 
ground control point observations in a multi-temporal SAR mosaic 
dataset – produced a tie point RMSE (Root Mean Square Error) of 56 m 
and a GCP RMSE of 240 m in the African mosaic of the GRFM (Global 
Rain Forest Mapping) project. The mosaic consisted of 3624 JERS SAR 
scenes. A calibration revision methodology – also based on least 
squares adjustment and points in overlap areas between scenes – 
removed a calibration artifact of about 1 dB. 

A systematic search of the highest correlation between forest stem 
volume and backscattering amplitude was conducted over all 
combinations of transmit and receive polarisations in three AIRSAR 
scenes in a German study site. In the P-band, a high and narrow peak 
around HV-polarisation was found, where the correlation coefficient was 
0.75, 0.59, and 0.71 in scenes acquired in August 1989, June 1991, and 
July 1991, respectively. In other polarisations of P-band, the correlation 
coefficient was lower. In L-band, the polarisation response was more flat 
and correlations lower, between 0.54 and 0.70 for stands with a stem 
volume 100 m3/ha or less. 

Three summer-time JERS SAR scenes produced very similar regression 
models between forest stem volume and backscattering amplitude in a 
study site in south-eastern Finland. A model was proposed for wide area 
biomass mapping when biomass accuracy requirements are not high. A 
multi-date regression model employing three summer scenes and three 
winter scenes produced a multiple correlation coefficient of 0.85 and a 
stem volume estimation RMSE of 41.3m3/ha. JERS SAR scenes that 
were acquired in cold winter conditions produced very low correlations 
between stem volume and backscattering amplitude. 
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Preface 

This thesis summarizes the work published in six papers over the period 
1990–2005. All six papers can be considered to contribute to a theme 
“Techniques for wide-area mapping of forest biomass using radar data”. 
The term “wide-area mapping” here is understood to cover such mapping 
situations where the whole mapping area cannot be covered by a single 
space-borne SAR scene. 

The supervisor of the work is Professor Henrik Haggren of the Laboratory 
of Photogrammetry and Remote Sensing in the Department of Surveying, 
Helsinki University of Technology, Finland. The work has been carried 
out at the VTT Technical Research Centre of Finland (Espoo, Finland) 
and the Joint Research Centre (JRC, Ispra, Italy) of the European Union. 

I want to express my gratitude to my bosses – Risto Kuittinen, Einar-Arne 
Herland, and Tuomas Häme at VTT as well as Frank De Grandi at JRC – 
for encouragement and support in various phases of the work. I also 
want to thank all co-workers in the VTT Remote Sensing group and in the 
Global Vegetation Monitoring (GVM) group at JRC for many fruitful 
discussions in a scientific atmosphere during the work. 

I want to thank the funding organisations of the projects in which the 
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of Finnish Forest Industries (Suomen Metsäteollisuuden Keskusliitto), 
and the Human Capital and Mobility program of the European Union. 

I also thank my wife Erja and my children Turo and Noora for their 
understanding and patience during the years of this work. 
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The work can be divided into four themes:

• Incidence-angle effects on radar backscatter in forests (Paper 1),

• Pre-processing techniques – block adjustment in mosaicking and
block adjustment in calibration revision of SAR images (Papers 2 and
3),

• Radar backscatter of forests in various wavelengths and polarisa-
tions (Papers 4 and 5), and

• Multi-temporal L-band radar backscatter in forest biomass mapping
(Paper 6).

Paper 1 was written in VTT in project SLARSAR. I was the sole author of
Paper 1.

Papers 2 and 3 were written at the Joint Research Centre (JRC) of the
European Union while I was a post doctoral grant holder in 1997–1999.
In Paper 2, my responsibility was the development of the methodology for
tie point production, block adjustment for SAR mosaicking, application of
these techniques to the GRFM dataset of Africa, and evaluation of the
results obtained in terms of mosaic geometry. In Paper 3, my contribution
was the development of geometry revision and calibration methods and
experimental results described in sections V, VI, and VII of Paper 3.

Paper 4 was written in VTT during project MAESTRO. My contribution to
Paper 4 was the development of methods and obtaining the experimental
results using AIRSAR polarimetric SAR data.

Paper 5 was written in VTT during project MAC-Europe. I was the sole
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1 Introduction

The synthetic aperture radar (SAR) satellites Seasat (Lewis et al. 1983,
Moore et al. 1983), ERS-1 and 2 (ESA 1988), JERS-1 (NASDA 1988),
Radarsat-1 (Williamson 1990), and Envisat (Louet 2001) have created an
opportunity to map various properties of the earth’s surface at high res-
olution using microwave radiation. Future SAR satellites such as ALOS
(Shimada et al. 2005 and Shimada et al. 2002a) will further extend the ca-
pabilities of space-borne microwave remote sensing. Vegetation cover is
an important characteristic of the earth’s surface. Mapping forest and veg-
etation cover using radar has been studied extensively since Morain and
Simonett (1967). The biomass of vegetation cover is needed especially
in environmental and climatological studies, where the greatest amount of
uncertainty arises from lack of information on biomass density (e.g., Sader
et al. 1989 and Häme et al. 2003). Since tree trunks are the most impor-
tant raw material of the Paper and timber industries, information on forest
biomass is also needed in sustainable forestry.

In many countries, fertile low-lying flat areas are typically in agricultural
use. Forests tend to be in areas with more pronounced topography. When
mapping forest biomass – or other forest characteristics – the influence
of topography on the radar signal needs to be known. Paper 1 studies
the influence of topography (via incidence angle) on the radar signal that
scatters back from various forest areas.

When mapping forest biomass for large areas, large numbers of SAR
scenes must be used to cover the area. Individual scenes must be mo-
saicked together. This can be done in two ways: SAR scenes can be
mosaicked before image analysis or the results from single-scene analy-
sis can be mosaicked after the image analysis. In this mosaicking process,
various sensor-specific geometric and radiometric characteristics must be
taken into account. Mosaicking of SAR data and geometric and radiomet-
ric techniques needed in mosaicking are studied in Papers 2 and 3.

Radar signals from various radars interact with the forest canopy in differ-
ent ways. When mapping forest biomass, the accuracy of results depends
on the type of radar data used. In Papers 4 and 5, the use of various radar
wavelengths and polarisations in forest biomass mapping is studied.

Even if a radar sensor is considered accurate and efficient in forest biomass
mapping, practical space-borne mapping is restricted to those radar sen-
sors that are available on satellites in the foreseeable future. In Paper 6,
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the temporal development of L-band radar signal of forests and the pos-
sibilities of using multi-temporal methods in forest biomass mapping are
studied.

The following sections describe the context in which the themes mentioned
above were studied. Samples of relevant literature are mentioned until the
year of submission of the corresponding paper. More recent literature is
cited where this is necessary for understanding the relevance of the paper
today.

Interferometric techniques (e.g., Pulliainen et al. 2003, Wagner et al. 2003,
Shimada et al. 2002b, Koskinen et al. 2001) in forest biomass mapping
have been investigated in recent years. Repeat pass interferometry poses
some additional requirements on image acquisition conditions (e.g., low
wind). Interferometric techniques at least double the number of image
acquisitions (compared to techniques that can work with backscattering
amplitude data only). For these reasons, interferometric techniques are
not very attractive when aiming at covering large areas with homogeneous
mapping results. Interferometric techniques are left outside the scope of
this thesis.

Forest biomass is a quantity that is difficult to measure. In boreal forests,
the biomass is tightly coupled to forest stem volume (Häme et al. 1992,
Kauppi et al. 1995, and Häme et al. 1997). Häme et al. (1992) presented
an (approximate) analytical form for this relation in boreal forest:�������	��
�

(1)

where
�

is forest stem volume (m
�
/ha) and

�
is dry biomass (tons/ha).

Equation (1) ignores differences between species (see e.g. Kauppi et al.
1995). Equation (1) may underestimate the biomass by up to 20 percent.
In the absence of large datasets of biomass measurements, forest stem
volume data were converted into forest biomass using Equation (1).

Radars measure the return of a signal emitted by the radar. The strength of
this signal can be expressed as a power or amplitude. The amplitude is the
square root of the received power. In the following, the term backscattering
amplitude is used to refer to the square root of received power. In case of
SAR, the radar does not measure directly the power backscattered from
a resolution unit, but the final signal is derived in a computational process
called SAR processing. In SAR data, the backscattering amplitude can be
defined as the square root of the power that would have been measured by
a real aperture radar that has the same resolution as the SAR. The term

12



backscatter is used in a more general context without making assumptions
on power or amplitude formats.

Table 1. SAR sensors used in Papers 1 through 6.

Sensor Band(Wave- Pols. Res. (m) Inc. Launch End of Life
length in cm) /Looks (deg)

Seasat L(23) HH 25/4 23 1978-06-28 1978-10-10
JERS L(23) HH 18/3 39 1992-02-11 1998-10-12
AIRSAR C(6), L(23) Full 12/4 30- N/A N/A

P(63) 70

Table 1 lists the main characteristics of radar systems used in this thesis.
The column “Pols.” lists the polarisations of the sensors. AIRSAR is a
fully polarimetric sensor (measuring HH, HV, VH, and VV polarisations) in
all three wavelength bands. Column “Res.” gives the ground resolution
and the number of looks for which the resolution is given. The AIRSAR
resolution is approximate. Held et al. (1988) report a pixel spacing of
12.1 m in azimuth and 6.67 m in slant range. Column “Inc.” gives the
incidence angle. This is the mid-swath incidence angle for space-borne
sensors and the minimum and maximum incidence angles over flat earth
for the air-borne AIRSAR sensor. A nominal incidence angle of 38 degrees
is mentioned in some literature for JERS SAR. The nominal orbit elevation
of 570 km and mid-swath off-nadir angle of 35° (NASDA 1988) give a mid-
swath incidence angle of 38.68 degrees.

1.1 Incidence Angle Effects on Radar Backscatter in Forests

Topographic effects have been observed to influence or even dominate
SAR images of forests (e.g. Drieman 1987). Few studies have evaluated
the topographic effects on SAR images of forests in quantitative terms.

Teillet et al. (1985) studied terrain effects in a rugged forested study site
in Canada using data from the Canadian Convair-580 SAR. This SAR op-
erates in X- and L-bands and can record in both bands four polarisations:
HH, VV, HV, and VV. The terrain topography has its influence on radar
backscattering amplitude by the (local) incidence angle ( � ). Terrain eleva-
tion varied between 330 and 1100 m above sea level. In a shallow mode
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scene (nominal incidence angle 22°), ����������� accounted for 26 to 38 per-
cent of the total variation in HH- and HV-polarisations of X- and L-bands
(in forested areas). In a steep mode scene (nominal incidence angle 43°),������������ accounted for 8 to 27 percent.

Foody (1986) studied terrain effects in an undulating study site in England.
A set of 227 grass covered fields were divided into seven zones (a mini-
mum of 30 fields per zone) to minimize the variation due to antenna gain
and sensor look angle. This grass-land study is included here because
early works in forested areas are so rare in the published literature. The
SAR data were acquired by the Canadian Convair-580 SAR system. The
polarisation was HH in both X- and L-bands. The SAR had the nominal in-
cidence angle range 32° to 63° (aircraft altitude 5.4 km, swath width 7 km
in ground range). The square of the multiple correlation coefficient ( � � )
was used to measure the effect (on radar backscatter) of two variables:
slope and aspect (relative to the SAR look direction). The � � statistic was
derived from zero and first order partial correlations using the formula:����! #" � �%$ ��!"'& $ �� �  #" �)(+* $ ��!" � where subscript 0 was image tone and sub-
scripts 1 and 2 slope and aspect respectively. ����! #" � was the proportion
of variance in image tone (0) accounted for by the variables 1 and 2 both
jointly and separately and

$
was the correlation coefficient. The propor-

tion of variation in L-band that was explained by slope and aspect was
between 3 and 30 percent, except in the two zones furthest away from the
radar, where 50 and 38 percent of the total variation was accounted for by
these variables. In X-band, the proportion of variation that was explained
by slope and aspect was between 3 and 30 percent in all zones.

Hinse et al. (1988) reported a reduction between 3 and 9.5 percent in the
variance of spectral signatures of land cover types (variance in backscatter
amplitude within a land cover type) after terrain corrections of an air-borne
C-band (Convair-580 SAR) HH-polarised scene. The land cover types
were deciduous, coniferous, corn, agriculture, and combined. The vari-
ance in backscatter amplitude in the corn land cover increased slightly in
the terrain corrections. The study site (in Canada) had moderate relief
(elevation variation of 210 m within the study site). The corrections were
based on the total incidence angle (not an explicit calculation of scattering
area).

In newer remote sensing literature, Small et al. (2004b) reported error
histograms on the estimation of backscattering coefficient ,.- as a function
of DEM resolution. The backscattering coefficient ,/- is related to the more
widely used backscattering coefficient 01- by: ,/- � 0.-324���4�5����� . Small et al.
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(2004b) produced a (radiometrically normalized) , - mosaic of Switzerland
using five ASAR (C-band) wide-swath scenes (nominal incidence angle
19° to 38°) with opposing look directions.

Goering et al. (1995) reported a reduction of 30 and 13 percent in pixel
value variance in an ascending and descending ERS-1 SAR scene, re-
spectively, after removal of terrain effects, which included the effect of the
size of a resolution cell. The study site was a tundra site (in Alaska) with
moderate relief and elevations between 410 and 490 m. The nominal in-
cidence angle in the 1.5 km by 1.5 km study site was 23.1319° for the
ascending scene and 23.1619° for the descending scene.

Bayer et al. (1991) reported that local incidence angle accounted for 36
percent of the total variation in forested areas and the range component
of local incidence angle 33 percent in a Seasat SAR scene in a German
study site. The nominal incidence angle for the Seasat SAR was 23°. The
regression analysis did not include a scattering area as an independent
variable. The study site had terrain slopes of up to 53 degrees. The eleva-
tion varied between 46 and 180 m.

Sun et al. (2000 and 2002) presented a technique for radiometric correc-
tion of terrain topography when using polarimetric SAR data. Because the
resolution of an available DEM (DTED level 1) was too low for radiomet-
ric corrections the dependence of backscatter on the incidence angle was
estimated from model calculations for HH- and HV-polarised L-band data
separately. The local incidence angle was estimated from HH-polarised
data. The incidence angle was used to correct the HV-polarised data
to the nominal incidence angle of the SIR-C SAR. The terrain-corrected
L-band HV-polarised data were used to derive a forest biomass model
( 67 �8�:9;�	<5= & ���>��? 0@- ). The estimates produced by this model had an

$ �
value of 0.91 with the ground data in a stand-wise forest biomass dataset,
where the biomass varied between 11.6 and 240 tons/ha. The RMSE (root
mean square error) was 18.1 tons/ha. 28 stands were used for model de-
velopment and another 28 stands for testing.

Goyal et al. (1999) combined the incidence angle and soil roughness into
a linear correction function when mapping soil moisture in a mountainous
grass-land area. They used L-band HH-polarised data from the AIRSAR
sensor. Elevation in the study site (56.25 km � ) varied between 1097 and
2252 m). The nominal incidence angle in the study site varied from 38°
to 54°. The use of the regression model between radar backscattering
intensity, incidence angle, and soil roughness (root mean square height)
reduced the variance in 0A- by 85 percent.
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The power measured by a radar can be described by the radar equation
(here for real aperture radar, a fully focused SAR has � � instead of ��B ,
e.g. Rosisch and Meadows 2004):C1D'� CFE�G �IHJ�K0� <4L � � � B (2)

whereCFD
= received power,CFE
= transmitted power,G
= antenna gain,H = radar wavelength,0 = radar cross-section of the target, and� = distance between the radar and the target.

In earth observation radars, where the target is a spatially extended piece
of earth’s surface, the radar cross-section 0 can be expressed:

0 � 0 -!M (3)

where0@- = radar cross-section per unit surface area,M = surface area of a resolution cell.
The term 0 - is called the backscattering coefficient.

The radar equation can be written:C1DN� CFEOG ��HJ�K0 - M� <�L � � � B �
(4)

The terms by which terrain topography affects the power measured by
radars are the backscattering coefficient 0A- and the area of the resolution
cell M .

The incidence angle (or angle of incidence) � is defined as the angle (in 3-
dimensional space) between the propagation direction of the radar signal
and the normal vector of an (assumed planar) resolution cell.

The backscattering coefficient 0A-P���4� of smooth targets (in terms of radar
wavelength) decreases steeply with an increasing incidence angle. The
backscattering coefficient of rough targets does not decrease so steeply
with the increasing incidence angle (Ulaby et al. 1982).

The area of resolution cell M depends not only on the total incidence angle,
but on its components in azimuth (along track) direction �RQ and in range
(cross track) direction � D .
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Figure 1. Dimension of a resolution cell in range direction.

Figure 1 shows a vertical cross-section plane that goes through the SAR
and a pixel. N’ is the orthogonal projection of the surface normal vector on
the vertical plane. Angle � D is the angle between the vector S (pointing to
the SAR) and N’ in the vertical plane of Figure 1.

A space-borne SAR produces its resolution in the range direction using
a pulse of finite duration (which is determined by the pulse compression
technique utilized). Since the pulse length is constant, slant range resolu-
tion SUT is constant through the image swath. As can be read in Figure 1,
the range dimension S3V of a resolution cell can be calculated:S3V � S����WYXZ��� D � (5)

Figure 2 shows a vertical cross-section plane that goes through a pixel
and is parallel to the SAR orbit. N” is the orthogonal projection of the
surface normal vector on the vertical plane (of Figure 2). Angle �PQ is the
angle between a vertical line and vector N” in the vertical plane of Figure
2. Angle ��Q is also the terrain slope in the orbit direction of the SAR.
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Figure 2. Dimension of a resolution cell in azimuth direction.
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In a SAR scene, the azimuth resolution (on a horizontal surface) is con-
stant through the image swath. The azimuth dimension of a (tilted) planar
resolution cell is determined by two vertical planes (a " and a � in Figure 2,
separated by azimuth resolution S[ ) that are orthogonal to the SAR orbit
(unless the SAR scene has been acquired and processed in squint mode).
The azimuth dimension of a tilted pixel SP\ can be calculated (see Figure
2): S\ � S[���4�5����Q�� (6)

The surface area M (in Equation 4) of a resolution cell is the product of
range and azimuth dimensions:M � SIV 
 SP\ � S���RW�XZ��� D � S[���4�5����Q�� (7)

In more recent literature, Ulander (1996) has presented an approach for
terrain slope correction that takes into account the simultaneous effects
of pixel tilting in azimuth and range directions. This approach is equal to
the case where the plane of Figure 2 is not horizontal but tilted by � D . In
this formulation, �RQ is no longer equal to the slope in the azimuth direction
(unless � D equals zero). The angle ��Q can be defined as the angle be-
tween two planes: the vertical plane containing the sensor and the pixel
(= plane 1), and the plane that contains the terrain normal vector and in-
tersects plane 1 along the intersection of the terrain plane and plane 1. If��Q is defined this way, Equation (7) is equal to the pixel area of Ulander
(1996). As Ulander (1996) points out, the difference between these two
approaches is insignificant (less than 0.01 dB) unless the terrain slope
is higher than 20 degrees (and less than 0.1 dB within slopes between
-40 and +40 degrees). In such high-relief landscapes lay-over seriously
reduces the usefulness of SAR data regardless of terrain correction meth-
ods (unless multiple scenes with opposing look directions can be used as
by Small et al. 2004a).

An alternative way for the backscattering coefficient 0A- is the (gamma)
backscattering coefficient ,/- 0 � , -K] (8)

where,/- = radar cross-section per unit projected area,] = projected area of a resolution cell.
As ,/- is directly proportional to the projected area of a resolution cell, and
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Figure 3. Projected dimension of a resolution cell in range direction.

consequently to the power intercepted by the resolution cell, the effects of
terrain tilt components in range and azimuth directions are more uniform.
In this alternative, the radar equation can be written:CFDN� C1EOG ��HJ�!, - ]� <4L � � � B (9)

The projected resolution cell area ] can be calculated (Figure 3, the same
vertical plane as in Figure 1):

] � S�� 
 S�[ � S4� 
 S�[^ [_XZ��� D � (10)

Noting that the received power must be the same in both Equations (4)
and (9), the relation between 0@- and ,`- is:

, - � 0@-���4�5��� D �a���4�5����Q�� � (11)
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Figure 4. Resolution cell size for scattering volume. The scattering volume is
proportional to the resolution surface area both with horizontal ground, a) and
with sloping ground, b).

Because � D and ��Q are two orthogonal components of the total incidence
angle � , Equation (11) is equivalent to:, - � 0 -�����5���4� � (12)

Leclerc et al. (2001) describe in addition to 0A- and ,`- the backscatter
relative to Lambertian scatterer ( 0@-K���4� � � ). They used C-band HH- and VV-
polarized data from the Convair-580 SAR in the so-called narrow mode
(nominal incidence angles typically 45° to 76°). Slopes of up to 40° were
present in the study site. After terrain correction relative to the Lambertian
scatterer, forest and banana plantations could be distinguished from coffee
plantations on slopes facing towards the radar.

The surface area of a resolution cell M and projected area ] can be com-
puted if a digital elevation model (DEM) is available. Small et al. (2004a)
note that the assumption of a planar pixel has the disadvantage that it does
not account for fore-shortening, lay-over, and radar shadow.

When correcting radar images for the area of resolution cell, the the same
correction can be applied in areas dominated by surface scattering and
those dominated by volume scattering. In most forest scattering models,
the forest canopy is divided into layers of constant thickness that can be
considered as homogeneous in terms of backscattering. The equidistant
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circles (C " and C � in Figure 4, drawn as straight lines to describe the long
distance to space-borne SAR sensors) that define the range resolution of
a radar intersect an equal area ( S3V 
 S\ ) of all boundary surfaces between
the canopy layers and the ground surface. This is true for horizontal and
tilted pixels (Figure 4). The size of scattering volume (the volume from
which the scattering that contributes to a single resolution unit originates)
is � T�bOQ EA� SIV 
 SP\ 
Pcd
 �����5��ef��g (13)

where h is the vertical thickness of the layer and e (Figure 4) is the terrain
slope component in range direction (i.e. in the cross track vertical plane).
Normalisation to a constant unit scattering volume is not feasible because
the balance of backscattering and absorption can vary widely in forest
canopies of varying age. Normalisation to a constant unit scattering vol-
ume would also require that the thickensses of the layers within the canopy
are known (or the tree heigth if the canopy is considered as a single layer).
This is difficult to map with high resoltion using today’s earth observation
instruments. The application of the �����5��ef� term in radiometric correction
would require information on where the backscattering is dominated by
surface scattering and where by volume scattering. This information is
also difficult to map. The difference would also be small. For example
for a terrain slope of 20° (36 percent slope), the �����5��ef� term is 0.97 for
amplitude images. The most varying term (excluding the layer thickness)
in the expression of scattering volume (13) is the area of the (upper and
lower) surface of the scattering layer. Radiometric correction by this term
leads to a correction procedure that is identical to the corecction that is
approporiate for areas dominated by surface scattering.

Similar to the surface area of volume scattering layers, the projected area
of all layer boundaries is constant from boundary to boundary (Figure 5).

Backscatter modelling studies (e.g., Richards et al. 1987, Sun and Simon-
ett 1988) indicate that the so-called double-bounce scattering mechanism
is important in L-band SAR data. This phenomenon should be visible in
the angular backscatter curve 0 - ����� .
1.2 SAR Mosaicking Techniques

When several images are mosaicked together, the geo-location of individ-
ual scenes must fit on the image boundaries within a sub-pixel. If this is
not the case, discontinuities – like rivers that do not flow continuously –
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Figure 5. Projected area for volume scattering elements. The projected area
of layer boundaries is constant from boundary to boundary both for horizontal
ground, a) and for sloping ground, b).

occur at image seams. If a multi-temporal mosaic is compiled, the tempo-
ral components of the mosaic must also fit together within a fraction of a
pixel. Otherwise mis-registration of mosaic components produces artifacts
around high-contrast edges in multi-temporal image analysis techniques.

The scene radiometry must also be calibrated in such a way that no abrupt
changes occur between individual scenes of the mosaic. Very sophisti-
cated calibration methods have been developed for SAR data (e.g., Menges
et al. 2001). This approach makes a frequency table of backscatter values
separately for each range co-ordinate in a SAR image. This table is then
used as a look-up table in the actual calibration phase. The approach,
which was applied to AIRSAR C-, L-, and P-band polarimetric dataset, as-
sumes uniform distribution of land cover classes across image swath. The
calibration method in mosaicking must be robust and free of restrictive re-
quirements on scene contents.

The error sources of space-borne SAR data are different from those of
air-borne data, and different methods are optimal for space-borne data,
where the orbit information is usually more accurate. However, the or-
bit control and measurement accuracy of, for example, the JERS satellite
was not very high. The initial (orbit-data based) geo-location accuracy of
the SAR scenes was, consequently, also low. This emphasizes the need
for adequate geometry revision techniques when mosaicking JERS SAR
scenes.
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Leberl (1975) studied mosaicking methods using a simulated set of 20
air-borne SAR strips (600 km long, 37 km wide, 63 percent sidelap). Se-
quential block formation with splines, followed by external interpolative ad-
justment, was found to be more robust and accurate than various forms of
simultaneous block adjustment. The main error source in the simulation
of the air-borne SAR data was the periodic error of the inertial navigation
system that was used in the mosaic construction.

The GRFM (Global Rain Forest Mapping) project was launched by the
Japanese space agency (NASDA) using the JERS SAR for rain forest
mapping (Rosenqvist 1996). The major objectives of the project were to
create spatially and temporally consistent JERS SAR image mosaics at
100-m resolution covering the entire equatorial belt and to provide these
as ’ready-to-use’ datasets freely and openly to the international science
community and educational institutions as tools to help improve our un-
derstanding of the tropical ecosystems (Rosenqvist et al. 2000). In this
international project, NASDA and NASA (Alaskan SAR Facility) processed
raw SAR signals into image form. NASDA, JRC, and JPL produced SAR
mosaics in South-East Asia, Africa, and South and Central America, re-
spectively. The GRFM project was followed by the GBFM project. One of
its main objectives was the generation of extensive, pan-boreal, SAR im-
age mosaics to provide snap-shots of the forest, wetland, and open water
status in the mid-1990’ies in the boreal forest zone of Eurasia and North
America (Rosenqvist et al. 2004).

Rosaz et al. (1994) describe a methodology for using least squares ad-
justment in the compilation of a SAR mosaic. This technique was used
when compiling a mosaic of 15 ERS-1 SAR scenes over the territory of
French Guiana. Tie points between scenes were first measured manually
and then refined using image correlation. SAR images of the same orbit
were first combined into an image strip. A similarity transformation of the
form: hjiJkl knm � hpo�q�rts * r!uwvpsrauxvys o�q�rts m 
 hji l m & hjz/{z`|}m (14)

was determined between two neighbouring strips. This was done using
tie points and a least squares adjustment. One of the two strips was re-
sampled to the geometry of the other strip using the parameters (rotation

s
and translations

z/{
and

z/|
in
i

and l ) of the similarity transformation. The
pair-wise combination of strips was repeated until all strips were combined
into a mosaic.

Rosaz et al. (1994) made the mosaic compilation in a co-ordinate system
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that was aligned with the azimuth-range (line-column) co-ordinate system
of one of the image strips. In this approach, the need for the rotation angles

comes from the difference of the orbit heading of the reference scene
and the orbit heading of the other scene where the latter heading is taken
with respect to the meridian of the reference scene. The expected value
of
s

is a non-zero function of scene latitude and depends on the imaging
geometry of the (ERS-1) SAR sensor.

Rosaz et al. (1994) also normalized image radiometry in a pair-wise man-
ner. One scene was modified on the basis of a transformation determined
by a least squares estimation over a set of points in the overlap area be-
tween the two scenes.

Siqueira et al. (2000) presented a geometry revision methodology, which
was also based on similarity transformation. The methodology was ap-
plied to the South-American JERS SAR dataset of the GRFM project.
In this methodology, the transformation parameters were determined in
a global least squares adjustment comprising all scenes in the mosaic,
which included one acquisition layer. This methodology treats ground con-
trol points like adding a single, pan-continental scene that is not allowed
to undergo any transformation (regarded as a “truth scene”). This treat-
ment disturbs the structure of the normal equation coefficient matrix by
adding an extended row and column since the “truth scene” has common
elements with a large number of other scenes in the mosaic.

Shimada and Isoguchi (2002) presented a methodology for mosaicking
long JERS SAR scenes (over 1000 km long path images) produced by the
so-called Sigma-SAR processor. As the sensor yaw angle is known with
high accuracy, this methodology uses only translations to make neighbour-
ing scenes fit. Ground control points and an affine transformation are used
to prevent error propagation due to path integration.

Shimada and Isoguchi (2002) used second-degree polynomials to normal-
ize the range dependency of backscatter. Additional gain correction was
determined on the basis of points in overlap areas between scenes and a
least squares estimation.

Hutton et al. (2000) compiled a Radarsat-1 mosaic of Canada. Over 100
image strips (4 to 7 scenes each, 300 km by 300 km scenes, scanSAR nar-
row B beam mode, 50 m resolution) were mosaicked using approximately
3000 ground control points measured from 1:50 000 and 1:250 000 topo-
graphic maps. Radiometric balancing within image strips was performed
when necessary. An algorithm was designed to automatically calculate ra-
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diometric variations across a scene and to produce more consistent gray
values in the output image. The global elevation model GTOPO30 was
used in ortho-rectification. The output mosaic was produced in Lambert’s
conformal conical map projection with a pixel spacing of 250 m.

Noltimier et al. (1999) compiled a Radarsat-1 mosaic of Antarctica. The
mosaic consisted of approximately 4000 Radarsat images acquired in stan-
dard beam modes 2 to 7 and extended high beam 4. The scenes, which
had a ground resolution of 25 m, covered an area of 100 km by 100 km.
The mosaic was constructed in blocks consisting of approximately 150
scenes. Ground control points, tie points (between image swaths), and
satellite ephemeris data were used in block adjustment. A digital elevation
model was used to ortho-rectify images. The ensemble of ortho-rectified
images was radiometrically balanced to remove seams and other artifacts.
Individual blocks were combined in the final processing stages including
block to block balancing and grand geometric correction.

In Siberia project (Wagner et al. 2003), mosaicking was done after (inter-
ferometric) image analysis. ERS scenes acquired at the same track-frame
co-ordinates were co-registered by cross-correlation. JERS scenes were
co-registered to ERS-frames. A total of 122 ERS-JERS “stacks” were then
mosaicked to a larger coverage after image analysis.

1.3 Radar Wavelength and Polarisation in Forest Biomass Map-
ping

The interaction between the electromagnetic radiation of a radar signal
and components of forest canopy and forest floor depend strongly on the
wavelength and polarisation of the radar (e.g., Ulaby et al. 1982).

The electric field of a radar pulse oscillates in two dimensions that are or-
thogonal to each other and to the propagation direction of the radar pulse.
These oscillations have a constant phase difference in such a way that
the electric field vector draws an ellipse on the plane perpendicular to the
propagation direction (Figure 6). The polarisation of the pulse can be de-
scribed by two angles: the orientation angle ~ between the vertical and
the semi-major axis of the ellipse and the ellipticity angle � (van Zyl et al.
1987). The ellipticity angle � is the angle between two end points of the
semi-minor axis of the ellipse seen from the end point of the major axis
(Figure 6).
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Figure 6. Orientation and ellipticity angles of an electromagnetic radar pulse on
a plane orthogonal to the propagation direction of the pulse.
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The ellipticity angle � varies between -45° and 45°. The orientation angle~ varies between -90° and 90°. An ellipticity angle of 0° produces a linear
polarisation (where the electric field oscillates in one dimension only) and� of 45° (or -45°) produces a circular polarisation.

Sader (1987) studied L-band SAR polarimetric data in forest biomass map-
ping. The sensor was a JPL-developed predecessor of the AIRSAR sen-
sor (nominal incidence angle 15° to 60°), which was operated on a Convair
990 aircraft. A correlation coefficient of 0.76 was obtained in a dataset of
nine forest stands between the biomass and HV-polarisation digital num-
ber. The HH- and VV-polarisations were not significantly correlated with
biomass. The stands included two pine species: longleaf pine (Pinus
palustris Mill.) and slash pine (Pinus elliotti Englem.) in a relatively flat
study site (elevation 3 to 15 m). The green weight biomass varied from 25
to 230 tons/ha.

Hussin et al. (1991) also studied slash pine biomass and L-band polari-
metric SAR data. The sensor was the JPL-developed polarimetric L-band
SAR before the AIRSAR sensor (on-board a Convair 990 aircraft). A co-
efficient of determination ( � � ) of 0.97 was obtained between HV-polarised
SAR data and biomass data that had been transformed by the Box-Cox
power transformation. The dataset contained 35 stands with an age of be-
tween 4 and 31 years. The biomass varied between 35 and 428 tons/ha.

Le Toan et al. (1991) studied forest biomass with AIRSAR multi-band po-
larimetric radar. High correlations ( ��� values of 0.95, 0.90, and 0.88) were
obtained between stem biomass and P-band data in VH-, HH-, and VV-
polarisations. The study site was on flat soil. The stem biomass varied
between 0 and 105 tons/ha and stand age between 0 and 42 years. Tree
species was mainly maritime pine (Pinus pinaster (Ait.)). The dataset con-
sisted of 24 forest stands and 9 clear-cut stands.

In more recent literature, Hoekman and Quinones (1998 and 2000) studied
AIRSAR data in forest biomass mapping in a tropical study site in Colom-
bia. The ground data set consisted of 13 plots of primary forest, 10 plots
of secondary forest, and 5 plots of grassland with bushes. The size of
primary and secondary forest plots was 1000 m � . The biomass varied be-
tween a few tons/ha and 315 tons/ha. The non-linear regression model
(3 parameters) was between the logarithm of ,/- (dependent variable) and
the exponential of the logarithm of biomass. C-band produced the lowest
coefficient of determination, followed by L-band, and P-band, which pro-
duced the highest. In both L- and P-bands, the HV-polarisation produced
the highest R � values (0.93 and 0.94). Hoekman and Quinones (2000, p.
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693) note that the biomass map is useful for land and forest degradation
assessment. The biomass map is of limited value for foresters who want
to assess parameters such as timber volume.

Ranson and Sun (1994) studied forest biomass mapping in a study site in
Maine, USA using AIRSAR data. The elevation varied only within 68 m.
The ground dataset consisted of 39 stands with above-ground dry biomass
between 0 and 350 tons/ha. The natural forest stands consisted of mix-
tures of hemlock-spruce-fir, hemlock-hardwoods and hardwood stands (mix-
tures of aspen, birch, maple and beech). Ranson and Sun (1994) used
only HV-polarised data because earlier studies suggested HV-polarisation
to be most correlated with forest biomass. In linear regression between
the logarithm of biomass and backscatter, P-band produced an R � value
of 0.81 and L-band 0.75. Using the band ratios P/C and L/C improved the
R � values slightly.

Saatchi and Moghaddam (2000) used an AIRSAR mosaic (C-, L-, and
P-bands, all in HH-, HV-, and VV-polarisations) for forest biomass map-
ping in a boreal study site in Canada. Elevation in the study site was
between 550 and 730 m. The method started with estimating (using an
iterative non-linear least squares estimation method) the parameters for a
semi-empirical forest backscatter model for four homogeneous stands of
trembling aspen, old jack pine, old black spruce, and young jack pine. The
parameters included crown moisture content, stem moisture content, rms
height of (ground) surface roughness, surface reflectivity (a function of soil
moisture), and 11 attenuation or scattering cross-section coefficients. The
crown and stem moisture content were used to estimate the crown and
stem biomass (by a conversion factor). The method required at least seven
independent radar measurements that were sensitive to these parameters.
This condition was met in the AIRSAR polarimetric 3-band dataset. When
applying the method in forest biomass estimation, a land cover map was
included. For mixed stands, a separate set of structural model parameters
was computed. A dataset of 18 stands (with biomass between 7.42 and
153.52 tons/ha) was used to evaluate the accuracy of forest biomass map-
ping. The total biomass mapping accuracy was 91 percent for a set of P-,
L-, and C-bands (P-HH, P-HV, L-HV, and C-HV). The accuracies for po-
larimetric (HH-, HV-, and VV-polarised data) P-band and L-band datasets
were 92 percent and 86 percent, respectively.

Balzter et al. (2002) studied forest biomass mapping in a Finnish study
site using polarimetric EMISAR (C- and L-band) data. Landsat-derived
forest inventory data were used as surrogate ground data. The most com-
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mon tree species were pine (Pinus sylvestris L.), spruce (Picea abies L.),
and birch (Betula spp.). The average forest stem volume was 50.5 m

�
/ha

(variation 0–140 m
�
/ha). Pixel values averaged over 100 m by 100m pix-

els (20 by 20 averaging) were used as observations instead of the usual
stand-wise data (about 410 observations). Single-band regression models
– exponential in stem volume – produced correlation coefficients of 0.54
and 0.63 in L-band HH- and L-band HV-polarisations, respectively, (0.26,
0.55, and 0.57 in C-band HH-, HV- and VV-polarisations, respectively) be-
tween the estimated and measured stem volume.

Castel et al. (2001) studied forest stem volume mapping in a French study
site using ERS (C-band VV-polarisation, 23° incidence angle), JERS (L-
band HH-polarisation, 39° incidence angle), and SIR-C (C- and L-bands,
HH- and HV-polarisations, 55° incidence angle) data. The ground dataset
consisted of 58 stands (over 2 ha) of Austrian pine (Pinus nigra nigricans).
The elevation was between 1600 and 1200 m. There were slopes of up
to 45°. The stem volume varied between 0 and 700 m

�
/ha. Terrain to-

pography effects were corrected using a facet-based method. The terrain
corrected 0 - was further modelled and corrected as a function of incidence
angle ( � ). Linear regression between the logarithm of the backscattering
coefficient 0@- and the logarithm of the stem volume was employed. Sum-
mer acquisition of SIR-C data produced the highest coefficient of determi-
nation (R � values of 0.80, 0.71, 0.46, and 0.32 in L-HV, L-HH, C-HV, and
C-HH, respectively), followed by JERS (R � values of 0.58) and ERS (R �
values of 0.01).

Santos et al. (2001 and 2003) studied air-borne (AeroSensing) P-band
SAR data for forest biomass mapping in a tropical study site in Brazilian
Amazon. The data set included 17 (2001) and 18 plots (2003). The six pri-
mary forest plots measured 10 m x 250 m. The twelve regrowth plots mea-
sured 10 m by 100 m. Characteristic species in primary forest included
Carapa guianensis Aubl., Eschweilera odorata (Poepp) Miers, Syzygiopsis
oppositifolia Ducke, Trattinickia rhoifolia, Tachigalia myrmecophylla Ducke,
Coumarouma odorata Aubl., and Nectandra mollis Nees. The most com-
mon species in regrowth areas were Tapirira guianensis Aubl., Cecropia
spp., Vismia guianensis (Aubl) Choisy, Guatteria poppigiana Mart., Didy-
mopanax morototoni Aubl., Inga alba (Sw) Willd., Murcia bracteata (Rich)
D.C. The biomass was between 8.00 and 271.82 tons/ha. The regres-
sion model was logarithmic in biomass. R � values of 0.62, 0.65, and 0.47
were obtained for HH-, HV-, and VV-polarisations, respectively (Santos et
al. 2001). HV-polarisation had the highest dynamic range, (Santos et al.
2003). Multiple (HH, HV, and VV) regression did not increase the signif-
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icance of R � values compared to those obtained with HH- or HV- single-
polarisation data.

Israelsson et al. (1997) studied CARABAS VHF SAR in forest biomass
mapping. The CARABAS operated in the frequency range 20–90 MHz
(wavelength 3–15 m) with HH-polarisation. The study site (in Öland, Swe-
den) was dominated by oak (Quercus robur), birch (Betula sp.), and alder
(Alnus Glutinosa). In a dataset of 12 stands (2–12 ha), the forest stem
volume varied between 0 and 210 m

�
/ha. Incidence angle was between

60° and 65°. The study site had no variation in elevation. Israelsson et al.
(1997) found that the backscattering coefficient increases with increasing
stem volume without saturation in the stem volume range 0–200 m

�
/ha.

Smith and Ulander (1998 and 2000) studied CARABAS data for forest
biomass mapping in a study site in Finland (Tuusula). Dominant tree
species were Scots pine (Pinus sylvestris) and Norway spruce (Picea abies)
with some deciduous trees (most common birch, Betula pendula). The
study site was generally flat. The dataset included about 140 stands
(Smith and Ulander 1998) with size varying between 0.1 and 6 ha. Forest
stem volume varied from close to zero to 550 m

�
/ha. Disturbing non-forest

objects (like power lines, buildings, and fences) were manually excluded
from the dataset. In two scenes with incidence angles of 64° and 53°,
R � values of 0.66 and 0.64 were obtained between the logarithm of 0 -
and stem volume (Smith and Ulander 1998). Smith and Ulander (2000)
used a regression model of the form �O�P� "�� �Y��-K� � � &�� 
 �O�P� "�� � � � where�R- is backscattering amplitude and

�
forest stem volume. The model was

determined from a set of 112 stands with stem volume higher than 100
m
�
/ha. The inverted model was used to compute stem volume for the

stands used. The correlation coefficient between the estimated and mea-
sured forest stem volume was 0.82 and 0.81 for the scene with 64° and
53°, respectively. The corresponding RMSE were 89 and 84 m

�
/ha.

Fransson et al. (2000) studied CARABAS data in forest biomass map-
ping in a boreal coniferous study site (Tönnershöjden) in southern Swe-
den. The prevailing tree species were Norway spruce (Picea abies) with
some Scots pine (Pinus sylvestris) and some deciduous species including
beech (Fagus sylvatica). Elevation varied between 55 and 140 m. For-
est stands on relatively flat terrain, larger than 2 ha, and more than 70
percent Norway spruce were selected for analysis. The data set was lim-
ited to stands with stem volume 80 m

�
/ha or more (average 339 m

�
/ha,

highest 725 m
�
/ha). The 80 m

�
/ha limit was applied to avoid problems

due to the noise floor of the CARABAS sensor. Disturbing non-forest ob-
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jects (like power lines, buildings, and fences) were manually excluded from
the dataset. Stands with terrain slope higher than 4° were also excluded.
Fransson et al. (2000) obtained a correlation coefficient of 0.83 between
stem volume and backscattering amplitude in a dataset of 201 stands. In
a more limited, objectively inventoried dataset of 30 stands, an R � of 0.88
was obtained between the square of stem volume and backscattering co-
efficient ( 0@- ). No saturation was observed in either of these datasets.

The sensitivity to environmental factors varies from radar bands to others.
Dobson et al. (1991) observed that a rain shower had the strongest effect
(in a C-, L-, and P-band AIRSAR dataset) on C-band and the weakest
effect on the P-band.

The stability of the relation of radar backscatter with forest biomass and
environmental factors has been studied among others by Villasenor et al.
(1993), Ahern et al. (1993), Keil et al. (1994), Conway & Estreguil (1994),
Ranson et al. (1995), Quegan et al. (2000), Ulander et al. (2000), Angelis
et al. (2001), and Askne et al. (2003).

Villasenor et al. (1993) studied ERS-1 SAR data (C-band, VV-polarisation,
incidence angle 23°) from the commissioning phase of the ERS-1 satellite
(the same orbit repeated every 3 days) in a tundra site in Alaska, USA.
The elevation in the study site varied typically between 430 and 730 m with
some mountains up to 1220 m. Backscatter ratio from scene to scene was
used to study the changes in backscatter. The freezing between images
acquired on 26 and 29 September caused a drop of backscatter. This drop
was over 4 dB higher in dryer, coarse textured soils on upper slopes than
on lower, finer textured soils on a flood plain.

Ahern et al. (1993) studied HH-polarised data from the Canadian C-band
SAR (on-board a Convair-580 aircraft) in a forested study site in Canada.
The study site had low relief (generally less than 25 m). The dataset cov-
ered 18 forest areas dominated by black spruce (Picea mariana), white
spruce (Picea glauca Voss.), jack pine (Pinus banksiana Lamb.), red pine
(Pinus resinosa Ait.), white pine (Pinus strobus L.), tamarack (Larix laric-
ina) and some deciduous species. In addition, the dataset included six
clear-cut areas. No biomass or stem volume data were reported in Ahern
et al. (1993) but the age varied between 32 and 100 years, height between
12 and 27 m and diameter at breast height between 12 and 36 cm in the
forest areas. Canopy closure was high. The radar dataset of four acquisi-
tions (August, October, February, and May) was not absolutely calibrated
but the scenes were scaled to a common mean backscatter value. The
dynamic range in the forested areas was highest in May (6 dB) and lowest
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in February (3.5 db, temperature -4°, 46 cm of snow in forest). The range
of backscatter from open forest land was large. The separation between
forested and clear-cut areas was highest in February.

Conway & Estreguil (1994) studied a set of 21 ERS-1 SAR scenes in a
tropical study site in Papua New Guinea. The study site was almost flat.
Dense evergreen forest had a very stable backscattering coefficient vary-
ing less than 1 dB within the year. The backscattering coefficient of sa-
vannah varied by 4.5 dB. The contrast between forest and savannah was
typically 4 dB in scenes acquired in the dry season and about 1 dB in
scenes acquired in the rainy season.

Keil et al. (1994) studied four ERS-1 SAR scenes in a tropical study site
in Brazil. They also observed that the contrast between rainforest and
deforested areas was higher in the scenes that were more within the dry
season.

Ranson et al. (1995) studied HV-polarised L- and C-band data from the
Shuttle imaging radar SIR-C. The topography of the study site was gen-
tle with elevations between 550 and 730 m. The dataset of 13 stands
was dominated by jack pine (Pinus banksiana) with one spruce stand and
one stand of mixture of jack pine and aspen (Populus tremuloides). The
biomass varied between 6 and 251 tons/ha. Ranson et al. (1995) de-
rived two regression models between the logarithm of L-band HV-polarised
backscattering coefficient and the forest biomass for scenes acquired on
10 April, 1994 and 1 October, 1994. The April scene was acquired with air
temperature around 4° C (after a night with -4°), but the soil (at the depth
of 10 cm) still frozen. The October temperature was around +3° both in
day and the preceding night, with 1 mm of rain during the 24 hours before
the image acquisition. The biomass functions were:l ��=;� (�� � & ���>��<_� i (15)

for the April scene and l ��<���=<_� & ���>�4� ( i (16)

for the October scene. Here l = logarithm of forest biomass (kg/m � ) andi
= backscattering coefficient (dB). The coefficient of determination was

0.863 for the April scene and 0.846 for the October scene. When evaluated
at a backscattering coefficient of -20 dB, the April and October functions
produce biomass estimates of 21 and 33 tons/ha, respectively. At -16 dB,
they produce estimates of 195 and 210 tons/ha.

Quegan et al. (2000) studied ERS 1 and 2 data in an English site domi-
nated by Corsican pine using a dataset of 20 SAR scenes. No data on
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stem volume or biomass was available, but forest age was used as a
variable correlated with biomass. The study site was flat. The soil was
porous and dry and contained flints, sand, and chalk. The mean backscat-
ter of Corsican pine first decreased with age, reached then its lowest level
around 15–20 years, and then increased to a saturation level around -9 to
-10 dB. The decline in backscattering with age (or biomass) arised from
increased attenuation. The backscatter level and the slope of the curve
depended strongly on ground return, which was time and site dependent.
Quegan et al. (2000) studied the temporal stability of young forest, old
forest, and non-forest areas. Young forest (2–5 years) changed by 7 dB
over the year while old forest (13–60 years) changed by 2.5 dB. Non-forest
(agricultural) areas changed by at least 5 dB. Quegan et al. (2000) used
this difference in variability to map mature forest areas. They note that in
boreal regions the times of freezing or snow must be excluded because
these conditions cause marked changes in the forest backscatter.

Ulander et al. (2000) studied the VHF (20–80 MHz) radar CARABAS in
a site (Tönnersöhede) in south-western Sweden. The site was dominated
by Norway spruce (Picea Abies) and had a modest topography with el-
evations between 55 and 145 m. The backscatter amplitude remained
stable over a period of 20 months. Linear regression analysis between
the stand-wise averaged backscatter amplitude data from two acquisitions
produced a coefficient of determination of 0.91. Ulander et al. (2000) also
derived regression models between forest stem volume and CARABAS
backscatter amplitude in five study sites dominated by conifers in Sweden,
Finland, and France. The coefficient of determination in these regression
analyses varied between 0.64 and 0.97. The differences in the regression
coefficients between sites were due to differences in the ground reflection
coefficient.

Angelis et al. (2001) studied a set of three ERS-1 scenes (acquired in July
1992, September 1993, and April 1996) in a tropical study site in Brazilian
Amazonia. The first two scenes were normalized to the mean backscatter
of the last scene. Forests with selective logging had higher backscatter
than other forests, forests affected by fire had lower backscatter than other
forests, and the undisturbed forest had a stable backscatter.

Askne et al. (2003 and 2004) studied JERS and ERS SAR data in for-
est stem volume mapping in a Swedish study site (Kättöle) dominated by
Scots pine (Pinus sylvestris) and Norway spruce (Picea abies) with some
deciduous trees like birch (Betula pendula). The topography of the site
was relatively flat with elevations between 75 and 110 m. Forest stem
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volume data from 42 stands (2–14 ha) varied between 8 and 335 m
�
/ha

(mean 135 m
�
/ha). The ERS dataset consisted of nine tandem pairs (18

scenes) between ERS-1 and ERS-2 from the so called tandem phase
(1-day difference between ERS-1 and ERS-2 acquisitions). The JERS
dataset included nine scenes. Only one JERS coherence scene (between
acquisitions on 15 April and 29 May, 1997) had high enough coherence
values to use. Askne et al. (2003) found that the ERS backscatter for dif-
ferent acquisitions varied inconsistently from one image to another. Cor-
relation coefficient (against forest stem volume) was typically less than
0.3. The coherence was more consistent and produced correlation coef-
ficients higher than 0.6 in most cases. The RMSE (corrected for ground
data sampling error) in forest stem volume mapping with the nine tandem
coherence scenes varied between 20.9 and 151.5 m

�
/ha. In JERS SAR

backscatter data, the correlation coefficient with forest stem volume was
generally of the order of 0.8. The (corrected) RMSE values in forest stem
volume mapping using JERS backscatter data varied between 36.5 and
140.1 m

�
/ha. The multitemporal stem volume mapping using three best

JERS backscatter observations and one coherence observation produced
(corrected) RMSE values of 27.2 and 38.0 m

�
/ha depending on which half

of the ground data was used as training and testing set. Using all nine
backscatter observations, the RMSE was 36.4 or 59.0 m

�
/ha. Askne et

al. (2004) also made a multiple regression model of the backscatter es-
timation models of the three best JERS SAR scenes and the coherence
estimation model, which produced a correlation coefficient of 0.91 between
the estimated and measured stem volume. The use of the four best ERS
coherence images (out of the nine pairs acquired) produced a (corrected)
RMSE value of 10.0 m

�
/ha. In the multitemporal estimation cases, each

scene was weighted by its scene-specific RMSE value.

Change detection in forested areas using SAR data has been studied
among others by Rignot & van Zyl (1993) and Kuntz et al. (1999).

Rignot & van Zyl (1993) studied ERS SAR data in two Alaskan sites. Com-
pared to difference between acquisitions, the ratio between acquisitions
had the benefit that the detection probability was independent of backscat-
ter level. Rignot & van Zyl (1993) also used temporal decorrelation of
speckle. As the decorrelation of speckle helped to detect changes in the
position of scatterers the ratio method provided information about the mag-
nitude of the observed changes. Rignot & van Zyl (1993) recommended
that both methods should be used in detailed monitoring studies.
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Kuntz et al. (1999) used colour composites of texture filtered and speckle
reduced Radarsat and JERS SAR scenes in mapping clear-cutting, plan-
tation, and shifting cultivation in a tropical rainforest in Kalimantan, Indone-
sia. Visual interpretation was done after geo-coding in a GIS system. The
problems in separating clear-cutting, plantation, and shifting cultivation in
undulating terrain could be overcome by using timeseries of images or
by using image pairs acquired from ascending and descending orbits at
almost the same time. The L-band JERS SAR data discriminated areas
of recent clear-cuts and initial regrowth on plantations better than ERS or
Radarsat (C-band) data.

1.4 Multi-Temporal L-Band Radar Backscatter in Forest Biomass
Mapping

Boreal forest biomass mapping using L-band SAR data has been studied
by, among others, Harrell et al. (1995), Fransson and Israelsson (1999),
and Pulliainen et al. (1999). For further references, see the introduction of
Paper 6.

Harrell et al. (1995) studied JERS SAR data for forest biomass mapping
in Alaska in a study area of 14 sites with a minimum size of 25 ha. Dom-
inant tree species were black spruce (Picea mariana) and white spruce
(Picea glauca). The sites were selected avoiding extreme relief. The total
biomass ranged between 0.7 and 5.6 kg/m � . This corresponds to about
12 to 93 m

�
/ha (Equation 1). Harrell et al. (1995) obtained an R � value

of 0.40 (14 sites) between the logarithm of total biomass and logarithm
of backscattered power in a mosaic acquired in July-August 1992. When
recently burned sites were excluded R � rose to 0.66 (11 sites).

Fransson and Israelsson (1999) studied JERS SAR data for forest biomass
mapping in north-eastern Sweden in a study site of 59 stands. The domi-
nant tree species were Scots pine (Pinus sylvestris), Norway spruce (Picea
abies), and birch (Betula pendula and Betula pubescens). Elevation var-
ied between 30 and 310 m. The stem volume varied between 0 and 285
m
�
/ha. Fransson and Israelsson (1999) obtained R � value of 0.57 be-

tween the exponential of stem volume and backscattering coefficient 0A- in
a scene acquired in June 1992. In a subset of 37 stands (overlap with other
scenes), R � rose to 0.60. Fransson and Israelsson (1999) also obtained
R � values of 0.57 an 0.56 in scenes acquired in December 1992 and May
1994, respectively. The regression lines of the December and June scenes
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were around 2 dB lower than the one of the May scene. Fransson and Is-
raelsson (1999) also determined the saturation level of the backscatter vs.
forest volume relation. The method used the backscattering coefficients of
mature forest and ground, the slope of the backscattering coefficient vs.
stem volume ( �t0 - 2�� � ), and the attenuation coefficient � . The saturation
level was at 136, 130, and 157 m

�
/ha for JERS SAR scenes acquired in

June 1992, December 1993, and May 1994, respectively.

Pulliainen et al. (1999) studied multi-temporal JERS SAR data in a boreal
study site in southern Finland. The dominant tree species was Norway
spruce (Picea abies). Ground data on stem volume was computed from a
Landsat-derived forest inventory map and aggregated to six stem-volume
classes between 25 and 260 m

�
/ha. The scenes were acquired in Decem-

ber 1994, March 1995, April 1995, and May 1993. The backscatter level
in frozen conditions was around 2 dB lower than in non-frozen conditions.

In more recent literature, Santos et al. (2002) studied biomass mapping
with JERS SAR data in two tropical study sites in Brazil. Santos et al.
(2002) used regression models (logarithm of biomass and a sigmoid func-
tion) to model L-band backscatter using a ground data set of 68 plots (2500
m � in primary forest, 1000 m � in secondary forest). They found that the sig-
moid function has a high sensitivity below (above ground) biomass values
of 60 tons/ha, where the backscattering coefficient ( 0 - ) saturates at about
-7.45 dB.

Pierce et al. (2003) mapped re-growth biomass in two Brazilian (tropical)
study sites using a combination of JERS and Radarsat wide-swath SAR
data. The radar data were ortho-rectifed using a digital elevation model
(DEM). The local incidence angle was also computed and used to calibrate
the SAR data to account for the ground area illuminated. The logarithm of
biomass was modelled as a linear combination of L- and C-band data. An
R � value of 0.92 was obtained in a set of 15 ground plots of 10 m by 50 m.
The biomass varied between 8 and 160 tons/ha.

Kuplich and Curran (1999) mapped forest biomass in a Brazilian study site
using a time-series of ten JERS SAR scenes. The biomass was between 8
and 104 tons/ha for 15 regenerating plots and about 370 tons/ha for three
primary forest plots. The size of plots was 10 m by 50 m (Luckman et al.
1997). A correlation coefficient of 0.67 (based on 18 plots) was obtained
between the logarithm of above-ground biomass and the logarithm of the
backscattering coefficient. The biomass-backscatter relation saturated at
around 60 tons/ha.
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Castel et al. (2000 and 2002) studied biomass mapping in Venezuela
using a mosaic of six JERS SAR scenes. The stem volume varied between
0 and 200 m

�
/ha in a dataset of 78 (76 in 2002) stands of Caribbean pine

(Pinus caribaea var. Hondurensis) plantations. Using a semi-empirical
forest backscattering model, a correlation coefficient of 0.85 (Castel et al.
2000) was obtained between the estimated and measured stem volume
(0.92 in Castel et al. 2002).

Tsolomon et al. (2002) studied a site in Mongolia. Elevation varied be-
tween 1100 and 1600 m. They derived regression models between biomass
(dependent variable) and the backscattering coefficient (independent vari-
able) from JERS SAR data. The form of the regression model was a
quadratic polynomial. Tsolomon et al. (2002) obtained R � values of 0.55,
0.68, and 0.72 for larch (10 to 30 tons/ha, Larix sibirica), pine (15 to 25
tons/ha, Pinus sibirica), and poplar (3 to 6 tons/ha, Populas) stands, re-
spectively. The data set consisted of one scene and ground data for ap-
proximately 25 stands per species.

Kellndorfer and Ulaby (2003) studied JERS and ERS SAR data for biomass
mapping in a boreal study site with 17 jack pine (Pinus banksiana) stands.
The biomass varied between 1 and 90 tons/ha. R � values of 0.93 and
0.80 were obtained for JERS and ERS SAR data, respectively, between
logarithm of biomass and logarithm of 0 - .
Askne et al. (2004) studied forest stem volume mapping with JERS SAR
data in a boreal study site in Sweden (Kättböle). The data set included
42 stands between 2 and 14 ha in size. Elevation varied between 75 and
110 m. The dominant tree species were Scots pine (Pinus sylvestris) and
Norway spruce (Picea abies) with some deciduous trees (most common
birch, Betula pendula). The highest stem volume was 350 m

�
/ha and the

mean 135 m
�
/ha. The backscatter model was exponential in stem volume.

Askne et al. (2004) obtained stem volume estimation errors (RMSE, cor-
rected for errors in in situ data) that varied between 36.5 m

�
/ha and 85.4

m
�
/ha in nine scenes. Askne et al. (2004) found only one interferometric

pair (in a dataset of nine scenes) to be useful for stem volume estimation.
Askne et al. (2004) made a multiple regression model of the backscatter
estimation models of the three best scenes and the coherence estima-
tion model, which produced a correlation coefficient of 0.91 between the
estimated and measured stem volume.

Santoro et al. (2004) studied forest stem volume mapping with JERS SAR
data in a boreal study site in Russia near the city Krasnoyarsk. The domi-
nant tree species were spruce (Picea sibirica), fir (Larix dahurica and Larix
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sibirica), and birch (Betula spp). The study site consisted of four compart-
ments. In one compartment, elevation varied between 220 and 260 m,
whereas other compartments had an elevation variation of several hun-
dred metres. SAR backscatter data were corrected for topographic effects
using the GTOPO30 elevation model (resolution about 800 m). The terrain
correction did not produce significant improvements in stem volume esti-
mation. Forest stem volume varied between 5 and 470 m

�
/ha in the study

site. In the subset (used in analysis) of stands of 8 ha or larger, the stem
volume varied between 5 and 410 m

�
/ha. The backscatter model was ex-

ponential in stem volume. One third of the data was used for determination
of the coefficients of the backscatter model and two thirds for validation.
The best R � values (in a set of 13 SAR scenes) were 0.71, 0.52, 0.35, and
0.70 for compartments 1 (91 stands), 2 (146 stands), 3 (113 stands), and
4 (156 stands), respectively. The corresponding RMSE values were 57,
74, 87, and 63 m

�
/ha, respectively.

If various physiological properties affect the backscatter in various sea-
sonal conditions multi-temporal techniques can benefit from efficient use
of data from various seasons. The year can be divided (Paper 6) into the
following periods and image acquisition conditions:

G1: the peak bio-chemical activity during the first half of the growing sea-
son,

G2: the second half of the growing season before the drop of the leaves
of deciduous trees,

G3: the leaves-off period before the first snow,

WD: dry winter conditions, and

WW: wet winter conditions.
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2 Materials and Methods

2.1 Study Sites and Data

The selection of study sites in the papers of this thesis was based on the
availability of the necessary data, primarily the availability of SAR data, but
also of ground data.

Study sites were located in three European countries (Sweden, Germany,
and Finland) and in Africa. SAR data were used from the satellites Seasat
and JERS and the airborne AIRSAR sensor.

2.1.1 Site and Data for Incidence Angle Study

The study site where topography and incidence angle effects on radar
backscatter (Paper 1) were studied was in northern Sweden close to the
village Arjeplog. The centre co-ordinates of the site were 66°.0 N (northern
latitude) and 17°.3 E (eastern longitude relative to Greenwich).

The site includes mixed forests (mainly pine dominated), plantations of
Norway spruce (Picea abies) and Scots pine (Pinus sylvestris), clear-cut
areas, marshes, and lakes. In this northern study site, forest stem volume
ranges form zero to about 100 m

�
/ha. The soil type is mainly till (glacial

drift). The soil contains stones and boulders up to 50 cm in diameter. The
elevation varies between 420 and 780 m above mean sea level. The area
can be considered as hilly or mountainous.

The Seasat SAR image of the site was acquired on 20 August 1978.
Seasat SAR was an L-band, HH-polarised radar with a nominal mid-swath
incidence angle of 23 degrees (Pravdo et al. 1983). The incidence angle
varied between 20° (near range) and 26° (far range). The nominal (4-look)
ground resolution was 25 m. The Seasat image was SAR processed by
FOA (National Defence Research Establishment, currently FOI, Swedish
Defence Research Agency, in Linköping, Sweden).

A digital elevation model (DEM) was used to geo-code the SAR image into
the Swedish national grid (“rikets nät”) and to compute incidence angles
and resolution cell areas ( M in Equation 7). The DEM (grid cell size 25 m
by 25 m) was derived from the contour lines of Swedish topographic maps
to a scale of 1:100 000 (contour interval 10 m). The DEM was generated
by the Institute for Image Processing and Computer Graphics, Joanneum
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Research Centre, Graz, Austria. The DEM covered an area of 19 km by
21 km. The terrain slopes in the area are smaller than 23 degrees. No
accuracy estimate of the DEM were available. If half of the contour interval
is used to describe the accuracy of the interpolated DEM – like in the case
of a Finnish DEM (see section 2.1.4) – the vertical accuracy of the DEM in
the Arjeplog study site can be assumed to be of the order of 5 m.

Estimation of forest stem volume and forest type classification were de-
rived from an analysis of a Landsat Thematic Mapper scene (world refer-
ence system identifier 197-14) acquired on 25 June 1986. The RMSE of
the stem volume model was 17.8 m

�
/ha ( � � of 0.67) in the training data.

Since the model was applied to another TM scene, the estimation error
can be much worse, perhaps of the oder of 30...40 m

�
/ha.

2.1.2 Site and Data for SAR Mosaicking Study

The study site where JERS SAR mosaicking techniques (Papers 2 and 3)
were studied comprised the whole forest belt of Africa. The mosaic area
covers latitudes 10° S to 10° N and longitudes 14° W to 42° E. The mosaic
includes large areas of tropical rain forest, with tree and grass savannah
along the northern and southern borders of the area. Most of the area
is flat or gently undulating below 500 m, but the eastern part of the area
includes high mountains (e.g. Mount Kilimanjaro 5985 m).

SAR scenes (Paper 2) that were acquired for the GRFM African mosaic
were divided in two acquisition layers: low water layer and high water layer.
Two acquisitions were made in the GRFM project to allow the use of multi-
temporal techniques in analysis of the mosaic images. The naming of
these layers was based on the water level of the most important river sys-
tem in the mosaic area, the Congo river. The low water layer covered the
whole area as described above. The high water layer covered only longi-
tudes 8° E to 36° E. The two layers included a total of 3624 JERS SAR
scenes. The low water layer was acquired in January–March 1996. The
high water layer was acquired in October–November 1996.

Each JERS SAR scene covered an area of 80 km by 80 km. The im-
ages were SAR processed by the Japanese Space Agency NASDA (cur-
rently JAXA) using the so-called NASDA processor. The pixel spacing
in the 3-look images was 12.5 m. The images were standard level 2.1
products with geo-location data in Universal Transverse Mercator (UTM)
co-ordinates. The images were down-scaled to 100 m pixel spacing by a
wavelet-based technique (Simard et al. 1998).
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Two types of cartographic data were used for geometric control of the mo-
saic:

• shore line polygons from the World Vector Shoreline database, and

• raster images of topographic maps.

The World Vector Shoreline database (NOAA 2005) was compiled by the
Defense Mapping Agency (DMA) of the US (currently NIMA, National Im-
agery and Mapping Agency). The database was intended for use in a
scale of 1:250 000 or smaller. The database was derived mainly from
Joint Operations Graphics and coastal nautical charts produced by DMA.
The accuracy requirement in this database is that 90 percent of identifiable
features are within 500 m from their true position. The (preferred) datum
is WGS-84.

The topographic maps were digitized raster images of 1:200 000 topo-
graphic maps in the Central African Republic and in the Republic of Congo.
The maps were produced by the French mapping agency IGN and digitized
by the Belgian company I-Mage in a World Bank program. The accuracy
of these maps is not known.

2.1.3 Site and Data for Wavelength and Polarisation Study

The wavelength and polarisation aspects of forest biomass mapping (Pa-
pers 4 and 5) were studied in a study site in Schwarzwald, Germany. The
study site (centre 48°03’ N, 8°23’ E) is located near the town of Villingen-
Schwenningen. The site was the German study site (named Freiburg
study site) in the MAESTRO-1 program (Churchill and Attema 1991) or-
ganized by the Joint Research Centre (JRC) of the European Union and
the European Space Agency (ESA).

Due to the fairly high elevation (750 to 970 m) the site is dominated by
tree species that are typical in boreal forest. Norway spruce (Picea abies
Karst.) covers 1370 ha, Scots pine (Pinus sylvestris L.) 280 ha, and Silver
fir (Abies alba Mill.) 200 ha. Forest stem volume varied between 0 and
830 m

�
/ha.

The SAR data in Paper 4 consisted of two AIRSAR scenes (Held et al.
1988) acquired on 18 August 1989. Each scene had three bands: C, L,
and P (wavelengths 6 cm, 23 cm, and 63 cm, respectively). The data
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were SAR processed by Jet Propulsion Laboratory (JPL). Each pixel in
each band contained the full scattering matrix: HH-, HV-, VH-, and VV-
polarisations as complex numbers. The scattering matrix AIRSAR data
were 1-look data (with nominal ground resolution of 4 m in azimuth and 14
m in range at 45° incidence).

The data were uncalibrated, but a number of 1.8 m trihedral corner re-
flectors were deployed in the study site during image acquisition. The
incidence angle varied between 35° and 55° in scene 1105 and between
48° and 55° in scene 1107, which covered the study site only partially.

The SAR data in Paper 5 consisted of (in addition to the MAESTRO-1
scene 1105) two new AIRSAR scenes acquired on 15 June 1991 (scene
3169) and 16 July 1991 (scene 3275). These data were also SAR pro-
cessed by JPL. These data were 16-look compressed Stokes matrix data
(nominal ground resolution of 16 m in azimuth and 14 m in range at 45°
incidence).

A number of 1.8 m trihedral corner reflectors were also deployed in the
study site during the 1991 acquisitions. The author of this thesis (assisted
by JRC personnel) constructed a 5 m trihedral corner reflector (of chicken
wire) for the calibration of P-band data. The July 1991 scene was already
calibrated by JPL, but the June 1991 scene was uncalibrated.

Meteorological data for the AIRSAR scenes of the study site is scarce.
On 18 August 1989, temperature was 22 degrees C and air humidity 36
percent. Cloud cover was 4/8. There was no rain up to 24 hours before
the image acquisitions (JRC 1990). There were some slight rain a few
days before 15 June 1991. The day of image acquisition was without rain.
The weather was partly cloudy (the AIRSAR aircraft was visible from the
study site most of the image acquisition time) and the wind was weak. No
meteorological data are available for 16 July 1991. High contrast between
agricultural fields and forests suggest that vegetation has not at least been
soaked with rain water.

DEM was used in the geo-coding of SAR data. The DEM was made in the
MAESTRO-1 program by Universität Stuttgart/Instut für Navigation. The
DEM (grid spacing 30 m) was produced using contour lines from German
topographic maps of a scale of 1:50 000. An evaluation of the accuracy
of the DEM was made against a more accurate topographic map in scale
1:25 000. Horisontal displacements in contour line positions of up to 45
m were found between the DEM and the 1:25 000 topographic map. The
maximum vertical difference (in a set of three controlled points) in hill-top
elevations was 8.9 m.
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Forest inventory ground data in Papers 4 and 5 covered 230 forest stands
totaling 1 920 ha (19.2 km � ). The inventory was made in 1981. The accu-
racy of this stand-wise inventory data is not known. An average RMSE in
stand-wise stem volume inventory in Finland has been estimated to be of
the order of 24.1 percent (Haara & Korhonen 2004). As the forest inventory
data in the Freiburg study site was 8 and 10 years old at the time of SAR
data acquisitions, it can be assumed that the forest inventory ground data
in Papers 4 and 5 was less accurate than the ground data in the Ruoko-
lahti study site in Paper 6. The forest inventory data consisted of a stand
map in a scale of 1:10 000 and stand-wise data sheets (situation 1 Octo-
ber 1981). An attempt was made to take tree growth into account. Forest
stem volume was plotted against stand age and a piece-wise linear regres-
sion model was fitted with the data. The forest stem volume of the forest
inventory dataset was then updated with this simple “growth model” over
the 8 year time before the first AIRSAR acquisition. The updated forest
stem volume data were compared to ground measurements (June 1991,
Rauste 1991) in eight stands. The difference between the updated forest
stem volume data and the ground measurements were more random than
the difference between the 1981 forest stem volume and the ground mea-
surements. For this reason, the updating approach was abandoned and
data from the 1981 forest inventory was used in analysis of the AIRSAR
data.

2.1.4 Site and Data for Multi-Temporal L-Band Radar Backscatter Study

The study site (centre 61°31’ N, 28°46’ E) for the multi-temporal L-band
study was located in south-eastern Finland within the municipalities Puu-
mala and Ruokolahti (Paper 6). The most common tree species in the site
were Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies Karst.),
and birch (Betula pendula and Betula pubescens). The dominant soil type
was till (glacial drift). Forest stem volume varied between 0 and 364 m

�
/ha.

The SAR data included six JERS SAR scenes. The JERS SAR is an
L-band, HH-polarisation SAR with a nominal incidence angle of 39°and 3-
look ground resolution of 18 m. The JERS SAR scenes were acquired on
20 February 1993, 25 January 1995, 20 July 1995, 2 September 1995, 16
October 1995, and 14 March 1998. These scenes are later referred to as
scenes Dry93Feb, Wet95Jan, S95Jul, S95Sep, S95Oct, and Dry98Mar,
respectively. All scenes were acquired on the same nominal orbit path
so that the imaging geometry is identical from scene to scene. Summer
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scenes were acquired in fairly dry conditions. The precipitation on the
acquisition day varied between 0.1 and 1.5 mm and on the preceding day
between 0.1 and 2.4 mm. The dry winter scenes were acquired in cold
conditions. The temperature had been below zero for four days before
the scene Dry93Feb and for 13 days before the scene Dry98Mar. The
scene Wet95Jan was acquired on a day when the maximum temperature
was 0.2° C and the minimum -2.1. The precipitation (as snow) on the
acquisition day of the scene Wet95Jan was 1.4 mm and on the previous
day 9.7 mm.

The first JERS scene was SAR processed by ESA. The 1995 scenes were
SAR processed by NASDA using the so called new NASDA processor.
The last scene was processed by NASDA using the Sigma-SAR proces-
sor. The first scene was uncalibrated. For the other five scenes NASDA
provided calibration factors (Shimada 1996, Shimada and Isoguchi 2002).

The DEM (25 m grid spacing) used in the geo-coding of the SAR data
was produced by the Finnish National Land Survey. Contour lines of topo-
graphic maps of the scale of 1:20 000 were used in the DEM production.
The DEM covered an area of 38 km by 51 km. The vertical accuracy of
the DEM is considered to be 2.5 m (half of the contour interval of the topo-
graphic map material, Haggrén & Honkavaara 2004).

Forest inventory ground data were available from two sources:

• the forest management information system of Stora Enso Ltd. (the
forest owner), and

• measurement of a grid of plot data by the Finnish Forest Research
Institute.

The stand-wise data were inventoried in 1997. The stand-wise forest in-
ventory dataset did not include accuracy estimate of the data. Haara and
Korhonen (2004) have studied the reliability and accuracy of stand-wise
forest inventory data that were made using similar inventory methods.
Haara and Korhonen (2004) found the RMSE of stand-wise forest stem
volume data to be 21.4 percent (of the stem volume). They also found
that the RMSE in stem volume inventory varied from 10.6 to 33.9 percent
depending on the person who made the inventory. The stand-wise forest
management data included – after elimination of stand boundary areas
and stands smaller than 2 ha – 206 stands that covered a total of 845 ha.

The plot data (covering an area of 1 km by 1 km inside the area covered
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by the stand-wise inventory data) were measured in a regular grid with 50-
m spacing between grid points. The diameter of a plot was about 25 m.
The plot data were measured in 2000. The plot size is of the order of one
(3-look) pixel in JERS SAR data. This means that very little averaging can
be done in SAR data to obtain accurate backscattering coefficient data
for each plot. For this reason, the plot data was used in Paper 6 as an
independent but less representative data source to verify results obtained
using the stand-wise data.

2.2 Methods

2.2.1 Methods for Incidence Angle Study

Pre-processing of Seasat SAR data in Paper 1 included ortho-rectification
using a DEM and manually measured ground control points (Rauste 1988).
The SAR data were averaged to 75 m pixel size to reduce speckle before
statistical analysis.

Linear regression analysis was used to determine the amount of variation
in the SAR data explained by terrain topography (including topography-
simulated SAR data, resolution cell area, slope and aspect) or forest stem
volume.

A simulated SAR scene that depends only on terrain topography was
made. Using only land pixels (water masking by Landsat TM data), each
pixel value (backscattering amplitude in the SAR scene) was divided by the
square root of the area of the resolution cell M . The data were then cross-
tabulated against the incidence angle. A second-degree polynomial was
then fit to the cross-tabulated data. This polynomial gives the backscatter-
ing coefficient 0A- as a function of incidence angle. In the simulation stage,
the incidence angle was computed from the DEM. A 0A- value was then
computed using the polynomial. The 0A- was then multiplied by the area of
the resolution cell M , which was also computed using the DEM.

In the computation of the simulated SAR scene, the so-called thermal
noise floor was first subtracted from Seasat SAR data. The noise floor
was estimated from the SAR data using the darkest water areas of the
scene.

The double-bounce backscattering mechanism is illustrated in Figure 7.
When the ground is flat and horizontal (Figure 7 a), vertically growing tree
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a) b)

Figure 7. Double-bounce scattering with horizontal ground, a) and with sloping
ground, b).

stems form a 90 degree angle to the ground. This geometry forms a corner
reflector: the incoming radar signal reflects from the ground and the tree
stems in such a way that it always returns back to the direction it came
from – independent of the incidence angle. If the ground is tilted and the
tree stems vertical (Figure 7 b), there is no 90 degree angle between the
ground and tree stems. The double-bounce signal is then reflected in a
direction away from the radar.

The following hypothesis was proposed: If the double-bounce component
is important in the SAR data of a study site, the backscattering coefficient
( 0@- , corrected for the scattering area effects as described above) of hori-
zontal flat pixels should be higher than the 0A- of pixels where the terrain
slope is higher. For the testing of this hypothesis, the dataset was divided
into two parts:

• pixels with a slope of between 0 and 2 degrees, and

• pixels with a slope of between 2 and 5 degrees.

Pixels with very high slopes were excluded because very steep slopes
tend to have sparse forest cover and outcrops, which could influence the
analysis.
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In the absence of forest inventory data from the study site of Arjeplog, for-
est stem volume was estimated using a Landsat TM scene and a regres-
sion model developed in a northern Finnish study site by Tomppo (1986).
A forest type classification was also made.

The dependence of 0 - on incidence angle was studied using linear re-
gression. The 0@- values were cross-tabulated against incidence angle ( � )
separately for various forest types. A linear regression model 01- vs. � was
derived for each forest type. The slope of these linear models was then
used to study differences in the 0A- vs. � relation between forest types. The
slope terms were compared in pair-wise students t-tests between forest
types.

2.2.2 Methods for SAR Mosaicking Study

The SAR mosaicking methodology is described separately for scene ge-
ometry and scene radiometry.

Geometric Methodology for SAR Mosaicking The image geometry revi-
sion method adopted in the mosaicking of JERS SAR data (Papers 2 and
3) is based on automatic correlation-generated tie points and on the use
of least squares adjustment over the whole set of SAR scenes. In addi-
tion to the global adjustment as described by Siqueira et al. (2000) this
approach includes the multi-temporal dimension, which guarantees the
multi-temporal consistency between mosaics acquired at different times.

Since the scene geo-location data of JERS SAR level 2.1 products can be
considered to describe the internal image geometry well, these data were
used as the starting point in mosaic geometry revision. Like in Rosaz et
al. (1994) and Siqueira et al. (2000), the similarity transformation (Figure
8) was chosen as the geometric model of scene revision.

Unlike in Rosaz et al. (1994) and Siqueira et al. (2000), the co-ordinatesi
and l are not image co-ordinates (azimuth-range) but cartographic co-

ordinate differences relative to the scene centre. The map projection of the
northing-easting co-ordinates (N and E in Figure 8) can be chosen. The
Mercator projection had been chosen in connection with the definition of
the GRFM project.

Also unlike in Rosaz et al. (1994) and Siqueira et al. (2000), the rotation
angle

s
is not a heading difference between orbits but a deviation from
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Figure 8. Image co-ordinate systems centred at scene centre.

49



the scene orientation as estimated by the SAR processor. Therefore, the
expected value of

s
is zero, and its variance can also be expected to be

small because the orbit heading can be reliably estimated from orbit data.

In the least squares adjustment (e.g., Hirvonen 1965), observations are
expressed as a function of unknown parameters (vector � ):�P� ��� ���F� � (17)

Here
� ���F� is a function of the form where the observed quantity is sub-

tracted from the theoretically calculated value of that quantity.

The number of observations n must be greater than the number of param-
eters m. Linearizing Equation 17 gives:�P� � ���!� " � �� i � S i � & �.� � � (18)

Here S i � is the improvement to the initial value
i � � . �/� � is the estimated

value of observation W with initial values of vector � . Equation 18 can be
written in vector form: � ��� � &�� (19)

where
�

= residual vector of n elements, � = vector of n
�/�

values (before-
adjustment discrepancies), and

�
is an n by m matrix of partial derivatives:

[ �w� � � � � �� i � g (20)

evaluated at the point corresponding to observation W .
If the observations have different weights ( � is a diagonal weight matrix
with V �x� � the weight of observation W ) the weighted square sum of errors is:�F� � � � � � � � � � � &�� � � � � � ��&�� � � � � (21)

Using the following notations: � ��� � � � (22)

and � ��� � � � g (23)

the minimum of the weighted square sum of errors can be found by solving
(Hirvonen 1965)

� � & � �� 
(24)
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between layers

within layer within strip

ground control point

within layer between strips

Figure 9. Ground control points and types of tie points with respect to acquisition
layers and image strips (orbits).

for � . Matrix N is called the normal equation coefficient matrix. The vector 
is a vector of � zeroes.

In the block adjustment method adopted in Papers 2 and 3, the observation
Equations (17) are of three different types:

1. tie point equations between scenes,

2. ground control point equations between a scene and the cartographic
co-ordinate system, and

3. orbit data equations.

Tie points can be further divided into three groups (Figure 9):

1. tie point within a single acquisition layer between two adjacent strips,

2. tie point within a single acquisition layer within a strip between two
consecutive frames, and

3. tie point between two acquisition layers.

If scenes of an orbit are acquired on the same day, tie points within strips
(type 2 above) are special in the sense that these points can be correlated
without strong contrast in the scene. This is due to the fact that the speckle
pattern is identical in both scenes in the overlap area (due to common
raw data in SAR processing). Other tie point types require a contrast-rich
feature that remains stable over the image acquisition interval. From the
point of view of observation equations, all tie point types are identical.
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In the following observation equations, the unknown parameters that are
solved in the least squares adjustment are:S�¡ b = translation in northing of the scene,S�¢ b = translation in easting of the scene, ands

= rotation of the scene.

For tie point observation equations, we can read in Figure 8:¡}£ � ¡ b & S¡ b & l¥¤ ���4�5� s �¦* i ¤ ��WYXn� s � (25)¢§£ � ¢ b & S¢ b & i ¤ ���4�5� s � & l¥¤ ��W�XZ� s � (26)

where¡ £ = northing of point P,¢ £ = easting of point P,¡ b = northing of the scene centre,¢ b = easting of the scene centre,i g l = image co-ordinates relative to scene centre (see Figure 8).

For a tie point observed in two scenes, the observation equations are:�t¨A© � ¡ £" *ª¡ £�� ¡ b" *ª¡ b� & S¡ b" *«S�¡ b� & l " ¤ ���4�5� s " �¦* l � ¤ ���4�5� s � �¦* (27)i " ¤ ��WYXZ� s " � & i � ¤ ��WYXn� s � �
and �J¬ © � ¢ £ " *ª¢ £�� ¢ b" *ª¢ b� & S¢ b" *ªS�¢ b� & i " ¤ ���4�5� s " �¦* i � ¤ ������� s � � & (28)l " ¤ ��W�XZ� s " �¦* l � ¤ ��WYXZ� s � �Ig
where

�t¨ ©
and

�J¬ ©
are the residual error of the tie point co-ordinates in

northing and easting, respectively.

For ground control points with known geodetic co-ordinates ¡® and ¢j and
estimated co-ordinates ¡¥¯ and ¢p¯ , the observation equations are:�t¨F° � ¡ £¯ *ª¡ £� ¡ b & S�¡ b & l¥¤ �����5� s �F* i ¤ ��WYXZ� s �¦*ª¡ £ (29)

and �t¬ ° � ¢ £¯ *±¢ £� ¢ b & S¢ b & i ¤ ���4�5� s � & l²¤ ��W�XZ� s �¦*ª¢§£ g (30)
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where
�t¨ °

and
�t¬ °

are the residual error of the ground control point co-
ordinates in northing and easting, respectively.

The orbit data equations are:� ¨1³´� S¡ b g (31)� ¬J³´� S¢ b , and (32)��µ � s �
(33)

In the linearization of observation equations (computation of partial deriva-
tives needed in the matrix

�
) the following approximations were made be-

cause the angle
s

is always very small:��WYXn� s � ¶ s ¶ �
(34)

and������� s � ¶ ( (35)

The partial derivatives needed in matrix
�

) were derived from Equations
(27) through (33).

Residual errors after least squares block adjustment can be used as a di-
agnostic tool to evaluate the geometry of the resulting SAR image mosaic.
An additional tool for the evaluation is a diagram of error ellipses of the es-
timated scene centres. The semi-major ( �¸·I· ) and semi-minor ( �º¹)¹ ) axes
of the error ellipses are (Hirvonen 1965):�º·I· � � -U» ¼ ·�· (36)�º¹)¹ � � - » ¼ ¹½¹ (37)

where � - is the mean square error of a unit weight observation and

¼ ·I· � (�n� ¼ ¨f¨ & ¼ ¬t¬ &�¾ � (38)

¼ ¹)¹ � (� � ¼ ¨f¨ & ¼ ¬t¬ * ¾ � � (39)

Here ¼ ¨f¨ and ¼ ¬t¬ are the main diagonal elements (of the inverse of
the normal equation coefficient matrix) corresponding to the northing and
easting translations of the scene in question and¾ � » � ¼ ¨f¨ * ¼ ¬t¬ � � & < ¼ � ¨f¬ (40)
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= diagonal element

= off-diagonal zero element

= off-diagonal non-zero element

= element never referenced

Original Condensed

Figure 10. Condensed form of the normal equation coefficient matrix

�
.

where ¼ ¨f¬ is the off-diagonal element corresponding to the northing and
easting co-ordinates of the scene in question.

The orientation angle
^

of the semi-major axis can be solved from:

�RW�XZ� � ^ � � � ¼ ¨F¬¾ (41)���4�5� � ^ � � ¼ ¨f¨ * ¼ ¬t¬¾ �
(42)

The dimension � of the normal equation coefficient matrix

�
is three times

the number of scenes in the adjustment. If thousands of scenes are in-
cluded, the

�
matrix becomes large. If the scenes are numbered system-

atically, the

�
matrix is a block diagonal matrix with a limited band-width¿ . The band-width depends on the order in which the various indices grow

in the mapping from indices to image number. If scene numbering is such
that the fastest growing index (of acquisition layer, strip, and scene within
strip) is scene within strip, then acquisition layer, and slowest strip, the
band-width is: ¿ � � � ¤ � � & (P� ¤ X.À ¤ � (43)

where � � is the maximum number of scenes in a single strip (in an acqui-
sition layer) and X.À the number of acquisition layers.

The

�
matrix was stored in the condensed form (Figure 10). Matrices

�
and � were not constructed, but the contribution to the matrix

�
(and to

the
�

vector) of each observation equation was summed up directly to the
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condensed-form

�
matrix (and

�
vector) when processing tie point and

ground control point observations.

The conjugate gradient method (Press et al. 1992) was used to solve the
normal equation system (24).

Radiometric Methodology for SAR Mosaicking The radiometric calibra-
tion revision was carried out in two phases:

1. removal of constant range dependent artifacts, and

2. radiometric adjustment in overlap areas.

The constant range dependent artifacts result from the sensor antenna
pattern, the sensor STC (Sensitivity Time Control) pattern, and the uncer-
tainties connected with the removal of these effects in the SAR processor.
The STC is a technique that aims at keeping the recorded signal level ap-
proximately constant despite the changes in antenna gain and spreading
loss across the image swath. A major source of uncertainty in these cor-
rections is the uncertainty of satellite attitude sensors (roll in particular)
because the antenna gain changes rapidly with varying look angle close
to the margins of the (vertical) antenna pattern.

An average range pattern was determined over all scenes in the mosaic
(Paper 3). Each scene was then scaled (using the average range pat-
tern) so that the average range pattern of the scaled scenes was a linear
function of range.

As in Rosaz et al. (1994), the scene radiometry was adjusted using least
squares adjustment. Unlike the pairwise processing of Rosaz et al. (1994),
the least squares adjustment (in Paper 3) determined the calibration revi-
sion parameters for all scenes of the mosaic in a single adjustment.

The use of calibration tie points in scene-overlap areas and the aiming at
identical radar responses in both scenes is justified because the backscat-
tering coefficient ,/- can be expected to

1. be constant over the incidence angle range of JERS SAR , and

2. stay constant over the image acquisition interval.

The first assumption has been confirmed by scatterometer measurements
in C-band (Lecomte and Attema 1992) and by JERS SAR data (Shimada

55



1996). The second assumption can be made because the African JERS
SAR data of adjacent orbits were acquired on consecutive days for the
major part of the mosaic area.

A bi-linear multiplicative calibration model was adopted in Paper 3 between
the original backscattering amplitude

$ - and the calibrated backscattering
amplitude

$ b : $ b � � ¤ $ - (44)� � � � & i ¤ � " & l¥¤ � � & i ¤'lÁ¤ � � � 
�$ - (45)

where
i

and l are the normalized centred image coordinates.

Denoting: � � � ( & S � � g� " � � � & �aS � " g� � � � � & �aS � � , and� � � � � & �aS � �
the observation equation for a calibration tie point

C
was:�ÁÂ§�Ã$�Â" ¤ S � "��& i " ¤ $Â" ¤ S � ""j& l " ¤ $�Â" ¤ S � "� & i " ¤'l " ¤ $�Â" ¤ S � "��& $�Â" *$�Â� ¤ S � �� * i � ¤ $�Â� ¤ S � �" * l � ¤ $Â� ¤ S � �� * i � ¤'l � ¤ $�Â� ¤ S � �� * $�Â� (46)

where
� Â

is the error (difference between the backscattering amplitudes
in the two overlapping scenes) at point

C
. Here$ Â" = observed backscattering amplitude in scene 1,$ Â� = observed backscattering amplitude in scene 2,S � "� = improvement of term

� � for scene 1,S � "" = improvement of term
� " for scene 1,S � "� = improvement of term
� � for scene 1,S � "� = improvement of term
� � for scene 1,S � �� = improvement of term
� � for scene 2,S � �" = improvement of term
� " for scene 2,S � �� = improvement of term
� � for scene 2,S � �� = improvement of term
� � for scene 2.

Corresponding to the orbit data Equations (31) to (33) in geometric block
adjustment, the calibration adjustment included the following observation
equations for the calibration parameters:�`Ä � � S � � (47)
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�`Ä " � S � " (48)�`Ä � � S � � (49)�`Ä � � S � � � (50)

where
�tÄ � to

�tÄ � are the errors of calibration revision coefficients
� � to

� � ,
respectively.

2.2.3 Methods for Wavelength and Polarisation Study

Polarimetric AIRSAR data were used when studying the optimal wave-
lengths and polarisations for forest biomass mapping (Papers 4 and 5).
Those AIRSAR scenes that were not already calibrated were calibrated us-
ing the methods described by van Zyl (1990) and Zebker and Lou (1990).
The August 1989 scenes, which were stored in scattering matrix format,
were converted to Stokes matrix format. A linear correction was made
to the range pattern of the June 1991 scene to correct for a calibration
anomaly in that scene.

The Stokes matrix scenes were ortho-rectified using ground control points
and a digital elevation model. Averaging was done in ortho-rectification to
reduce speckle. Gaussian weights were used in the resampling of Stokes
matrix elements of the ortho-rectified scenes. The amount of speckle re-
duction was controlled by the standard deviation of the Gaussian weight
function. In the ortho-rectification of the August 1989 scenes, the standard
deviation was 0.8 pixels in slant range and 0.8 pixels in azimuth (about 70
percent of the 12.5 m pixel spacing of the ortho-rectified scenes). In the
ortho-rectification of the 1991 scenes (with lower speckle due to 16-look
format), the standard deviation of the Gaussian weight function was 0.35
pixels in slant range and 0.5 pixels in azimuth.

The Stokes matrix elements, which were proportional to received power
quantities, were corrected for topographic effects:C b ��C - ^ [_XZ��� D �^ [_XZ���UÅ5� (51)

where
C b is the terrain-corrected Stokes matrix element,

C - is the origi-
nal Stokes matrix element, � D is the incidence angle in range (depending
on the local topography), and ��Å is the nominal incidence angle (which
varies across the image swath) assuming a flat earth. This form of terrain-
correction means that the corrected Stokes matrix elements are propor-
tional to ,`- of Equation (9).
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Stokes matrix data were averaged per forest stand using a digital stand
mask derived from the forest inventory map.

A systematic search was used to find the polarisation combination that
maximised the correlation between backscattering amplitude and forest
stem volume. Starting with the stand-wise averaged Stokes matrix data
and forest stem volume data for stands:

• the received power was computed for each stand using polarisation
synthesis (van Zyl et al. 1987),

• correlation coefficient was computed between the forest stem volume
and the backscattering amplitude over all stands.

The above optimisation was computed over the 4-dimensional space of po-
larisation combinations (receive orientation, transmit orientation, receive
ellipticity, and transmit ellipticity) in a grid with a grid spacing of 10 degrees
in all dimensions.

Visual comparison of correlation coefficient diagrams was used to analyse
the temporal stability of the forest biomass vs. backscattering amplitude
relation. Multiple linear regression analysis was used to study the relation
between forest stem volume and backscattering amplitude. The form of
the regression function was:�Æ� s - & s " 
 i " & s � 
 i � & s � 
 i � � &�Ç � (52)

where
�

was forest stem volume, independent variables
i " to

i � were the
AIRSAR acquisitions of August 1989, June 1991, and July 1991, respec-
tively,

s - to
s � were regression coefficients, and Ç was the random error.

Scatter plots between backscattering amplitude data from two acquisitions
were used for change detection.

2.2.4 Methods for Multi-Temporal L-Band Radar Backscatter Study

Multi-Temporal L-band SAR data in forest biomass mapping were studied
in the Ruokolahti study site (Paper 6). JERS SAR scenes were ortho-
rectified using a DEM, manually measured ground control points, and tie
points between scenes.
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The JERS SAR data, which were in backscattering amplitude format, were
corrected for terrain effects on image radiometry:$ b ��$ -ÉÈÊÊË ^ [_XZ��� D �^ [_XZ���UÅ5� (53)

where
$ b is the terrain-corrected backscattering amplitude,

$ - is the origi-
nal backscattering amplitude, � D is the incidence angle in range, and ��Å is
the nominal incidence angle (39 degrees for JERS SAR; since the study
site was only 40 km wide a constant ��Å could be used for a space-borne
sensor). This form of terrain-correction means that the corrected backscat-
tering amplitude is proportional to

7 , - of Equation (9). Since the terrain
correction is made relative to the nominal incidence angle, the average
level of the backscattering amplitude does not change from the original
level. The calibration factors presented by Shimada (2001) are therefore
also applicable to the terrain-corrected backscattering amplitude data. The
result of the calibration equations in Shimada (2001) is called 01- . Because
all radar-biomass relations published in the literature have been described
in terms of 0 - (not , - ) the notion of 0 - was used in Paper 6 also.

JERS SAR data were averaged (in power format) per forest stand using
a stand mask from forest inventory data. The stands were first eroded by
one (25 m) pixel, and only those stands were included in analyses where
the stand was 2 ha or more after the erosion step.

Regression analysis, both simple regression and multiple regression, were
used to analyse the relation between forest stem volume and L-band back-
scattering amplitude. Regression analyses were made for various datasets
limited by the stem volume range. In these analyses, the number of obser-
vations (stands) varied between 19 and 206. In Paper 6, the adjusted � �Ì
(Rudner et al. 2002) was used to take this variation into account:� �ÌtÍ � � � * �½(p*ª� � � 
 VX¸*ÎV & ( (54)

where � � is the coefficient of determination, X = number of observations,
and V = number of independent variables (1 to 6 SAR scenes). There are
at least two other variations of the adjusted � �Ì (Wulder 2005):� �Ì�Ï � � � * �)(y*«� � � 
 �ÐVd*Ñ(P�XÒ*ÓV (55)

and (Jensen 2005): � �Ì 6 � (y* �)(p*±����� 
 ��X¸*Ô(P�X¸*ÎV}*Ô( �
(56)

The � �Ì values of these definitions are also listed in section 3.5.
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3 Results and Discussion

3.1 Incidence Angle Effects on L-band Radar Backscatter in
Forests

Incidence angle effects – due to local topography – were studied in the
Arjeplog study site in northern Sweden. Five independent variables were
used in regression analysis where the dependent variable was the Seasat
SAR-measured (not corrected for any topographic effects) backscattering
amplitude:

topo: topography-simulated SAR image in amplitude as described in sec-
tion 2.2.1,

vol: forest stem volume estimated from Landsat TM data,

area: (square root of the) area M of the resolution cell computed using
DEM data, as described in section 1.1 (Equation 7),

slope: terrain slope computed using DEM data, and

aspect: azimuth of steepest slope with respect to the SAR illumination di-
rection.

Table 2 shows the coefficient of determination (the proportion of total vari-
ance accounted for by the independent variables) and the correlation co-
efficient from linear regression. The correlation coefficient in Table 2 can
be considered as the correlation coefficient between a predicted and ob-
served backscattering amplitude when using the independent variables as
predictors. In the single-variable cases this is equal to the correlation coef-
ficient between the independent variable and the observed backscattering
amplitude (the dependent variable).

The terrain topography is the strongest single factor contributing to the
variation in backscattering amplitude in the study site. The topography-
simulated SAR image explained 63.1 percent of the total variance in the
SAR scene. It is possible that a more detailed and accurate DEM would
have increased the proportion of variation that is accounted for by terrain
topography. Visual inspection of the SAR scene and the DEM suggested
that the SAR scene contained fine-scale topographic variation that was
poorly described by the DEM. However, the averaging of the SAR scene
to 75 m pixel spacing reduced this fine-scale variation.
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Table 2. Regression analysis results in the Arjeplog study site. Dependent variable
is the digital number (backscattering amplitude) in a Seasat SAR scene. See sec-
tion 3.1 for the independent variables. The number of observations (pixels) was
23446 (Paper 1).

Independent Coefficient of Correlation
variables determination (%) coefficient
topo + vol 65.4 0.81
topo 63.1 0.80
vol 0.3 0.05
area + vol 62.4 0.79
area 60.8 0.78
slope + aspect 3.4 0.19

When adding the (Landsat-derived) stem volume, the proportion of ex-
plained variance rose to 65.4 percent. When correlating the stem volume
against SAR data that has not been corrected for topographic effects, stem
volume is almost uncorrelated to SAR data (the correlation coefficient is
only 0.05).

Most of the topography influence comes from the variation of the area
of the resolution cell because this (the variable ’area’ in Table 2) alone
explained 60.8 percent of the total variance. Adding the dependence of
the backscattering coefficient 0A- on the incidence angle (variable ’topo’ in
Table 2), increased the coefficient of determination to 63.1 percent.

Terrain slope and aspect do not explain well (in linear regression analysis)
the effects of topography on backscattering amplitude. This can be under-
stood because an increasing terrain slope on fore-slopes (slopes toward
the radar) increases the backscattering amplitude whereas an increasing
terrain slope on back-slopes (slopes away from the radar) decreases the
backscattering amplitude (see Equations 4 and 9).

The proportion explained by terrain topography in Foody (1986) was sig-
nificantly lower than the 60 percent accounted for by scattering area in
Table 2. The main reasons for this might be the higher nominal incidence
angle of the Convair-580 sensor (32° to 63° vs. 23° of Seasat), which
reduces the topographic effects, and a study site (undulating) with less
topographic variation. The proportion of variation explained by slope and
aspect in Foody (1986) was on the average higher than the 3.4 percent in
Table 2. The reason for the higher � � in Foody (1986) is most likely the
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different statistical analysis techniques (multiple linear regression in Paper
1 vs. computation using zero and first order partial correlations in Foody,
1986).

The hypothesis on the double-bounce scattering component was tested
with flat (slope 0 to 2 degrees) and non-flat (slope 2 to 5 degrees) forested
pixels. The flat average backscattering amplitude was 104 (in arbitrary
units) while the non-flat average backscattering amplitude was 106. This
suggests that the double-bounce component is not very important in the
study site. The reason may be rough (in terms of the 23 cm wavelength
of the Seasat SAR) ground (glacial drift with stones and boulders). Rough
ground reduces the ground reflection of the double-bounce component (in
flat pixels) and also increases the direct backscattering component (both
in flat and sloping pixels). Pulliainen et al. (1999) also found in a Finnish
study site that the stem-ground reflection is small compared to the direct
backscattering from forest canopy.

Figure 11 shows the square root of backscattering coefficient ( 0 - ) as a
function of incidence angle in the Arjeplog study site and linear regression
functions for the following forest types:

• spruce-dominated mixed forest,

• pine-dominated mixed forest,

• deciduous-dominated mixed forest, and

• clear-cut areas.

The independent variable in the regression analysis was �����5���4� and the de-
pendent variable

7 0 - . The forest types were mapped using a Landsat TM
scene (section 2.2.1). When using tens of thousands of pixels as observa-
tions, the slope terms of the regression functions differed significantly (at
a 5 percent significance level) between all possible pairs of forest types.
The slightly different backscatter-dependence on incidence angle is prob-
ably due to different stem volumes in different forest types. On average,
spruce-dominated mixed forests had the highest average stem volume in
the study site. Also many other factors can have an influence such as
understory, soil type, and tree structure.

Even though the regression functions were different for different forest
types the 0@- data of forest types overlapped. At 30° incidence angle, where
the forest type differences were largest, the average L-band backscattering

62



Spruce
Pine
Deciduous
Clear-cut

302010 cos(θ)

Incidence angle θ (degrees)

S
qu

ar
e 

ro
ot

 o
f b

ac
ks

ca
tte

rin
g 

co
ef

fic
ie

nt
o σ

Figure 11. Backscattering coefficient ( 01- ) in L-band Seasat SAR data as a function
of incidence angle ( � ) for various forest types in the Arjeplog study site. Total
number of observations (pixels) = 23 446.
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amplitude for spruce-dominated mixed forests was only 17 percent higher
than that of clear-cut areas and 11 percent higher than the deciduous-
dominated mixed forest.

3.2 Geometry in SAR Mosaicking

The geometry revision approach described in Papers 2 and 3, and in sec-
tion 2.2.2 was applied to the GRFM African dataset of JERS SAR scenes.
A total of about 62 000 tie points were produced using an automatic image
correlation method. A set of 248 ground control points (GCPs) were mea-
sured using an interactive method by displaying shoreline polygons on top
of JERS SAR scenes from the World Vector Shoreline database. A set of
about 50 GCPs were measured from topographic maps. Water areas and
outlines of land features were displayed as opaque colours (other areas
as transparent) on top of JERS SAR data.

Table 3 shows the root mean square error (RMSE) statistics when the tie
point and GCP datasets were used in block adjustment. The column ’Tie
point’ gives RMSE computed over all 62 000 tie points in the adjustment,
separately for easting and northing. The column ’Scene centre’ gives the
square average of all scene translations (a scene translation is considered
as an error, Equations 31 and 32), separately in easting and northing. The
column ’GCP’ gives RMSE computed over the set of GCPs, separately in
easting and northing. The column ’V� ’ gives the weight assigned to GCP
observations. The weight of a tie point observation was always 1. The
weight of the scene centre Equations (31 and 32), was always

""��Õ�Õ� . The""��Õ�Õ� weighting of scene centre positions from scene header data corre-
sponds approximately to the estimated variance ratio between these data
and the tie point measurements as estimated in some problem scenes in
connection with preliminary mosaicking attempts.

When compiling the GRFM African mosaic, obtaining accurate and reliable
cartographic data for geometric validation was difficult. The strategy for
evaluating the geometric accuracy of the mosaic was to use the tie point
and GCP datasets in different combinations. Table 3 shows the RMSE
statistics for three adjustments:

1. the adjustment where only tie points and orbit data were used to
determine the mosaic geometry,

2. the adjustment where tie points, orbit data, and GCPs from the World
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Table 3. Root mean square error statistics of the geometric block adjustments of
the GRFM African JERS SAR mosaic. All values are in metres. N = northing, E
= easting (Paper 2).

Case Tie point Scene centre GCP Vt
N E N E N E

1 33.2 34.8 477.5 751.7 503.0 1021.4 0
2 35.5 40.8 532.0 736.2 193.7 201.6 2
3 40.1 39.7 543.3 758.0 173.2 166.3 2

Vector Shoreline database were used to determine the mosaic ge-
ometry, and

3. the adjustment where tie points, orbit data, and GCPs from the World
Vector Shoreline database and topographic maps were used to de-
termine the mosaic geometry.

In the first adjustment (case 1 in Table 3) GCPs from the World Vector
Shoreline database were included but their weight was zero. The GCPs
served as independent validation data. The tie point RMSE values of 33.2
and 34.8 m (in easting and northing) indicate that the mosaic internal con-
sistency is good at sub-pixel level. The pixel size of the scenes to mosaic
was 100 m. The RMSE values in GCPs (503.0 m in northing and 1021.4
m in easting) show that absolute geo-location accuracy is (on average)
of the order of 10 pixels if no GCPs are used. The scene centre Figures
(477.5 m in northing and 751.7 m in easting) tell how large relative move-
ments (from the scene positions given in scenes’ geo-location data) are
needed to compile a spatially consistent JERS SAR mosaic when using
SAR scenes from the so-called new NASDA processor.

In the second adjustment (case 2 in Table 3), GCPs from the World Vec-
tor Shoreline database were included in the determination of the mosaic
geometry also. The tie point RMSE increased slightly compared to the
tie-points-only case, but the RMSE is still within a sub-pixel of the mosaic.
The mosaic was shifted by about 0.5 to 1 km with respect to the loca-
tion derived from the scenes’ geo-location data. This shift decreased the
RMSE values of GCPs to about 200 m. This value is smaller than the ac-
curacy requirement of the World Vector Shoreline polygons (90 percent of
features within 500 m of its true location).

In the third adjustment (case 3 in Table 3), GCPs from topographic maps
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(in the Central African Republic and Republic of Congo) were also added.
This shifted the mosaic only slightly, and the RMSE values did not change
much from case 2. This suggests that adding new GCPs would not change
the mosaic geometry much. The mosaic geo-location accuracy (Paper 2)
was therefore considered to be most likely within a few hundred meters
throughout the mosaic.

The accuracy figures of Table 3 cannot be directly compared to accuracy
figures from other studies. This is due to the differences in SAR systems,
SAR processors, and orbital data used in the SAR processors. Rosaz et
al. (1994) presented no geometric accuracy figures for the compiled ERS-
1 SAR mosaic. Siqueira et al. (2000) estimated the mean geo-location
error of the JERS-1 SAR mosaic of Amazon to be 38 m in latitude and 32
m in longitude, when applying average geo-location correction to clusters
of 1 degree by 1 degree. This error describes the internal accuracy of the
mosaic. When the mosaic was transformed using similarity transforma-
tion (rotation and shifts in latitude and longitude) the residuals in GCPs
(27 used to tie down the mosaic, 30 used to estimate geo location accu-
racy) were estimated to be within +/- 400 m. Shimada and Isoguchi (2002)
estimated the geometric accuracy of the Southeast Asian JERS-1 SAR
mosaic to be 406 m. Hutton et al. (2000) estimated the geometric accu-
racy of the Radarsat-1 mosaic of Canada to be in the order of one pixel or
250 m. Noltimier et al. (1999) estimated the absolute geometric accuracy
of the Radarsat-1 mosaic of Antarctica to be 150 m or better.

The error ellipses (for case 3 in Table 3) were computed using Equations
(36) to (42) and shown in Figure 1 of Paper 2. The semi-major axis of the
error ellipse (for a scene centre) varied between 6 and 55 m (median 11
m). The semi-minor axis varied between 6 and 30 m (median 10 m).

Most of the error ellipses were almost circular, which indicates that the
uncertainty in the geo-location in these areas is approximately equal in
all directions. Most of the ellipses were also of the average dimension,
which indicates that the uncertainty in geo-location in these areas is ap-
proximately uniform over the area. In sea areas, where tie points were
impossible to find between neighbouring strips (orbits), the error ellipses
increased in dimension and became elongated. Other such areas where
larger and less regular error ellipses indicated worse geo-location accu-
racy were found along the northern and southern margin of the mosaic
area. These were areas where the closest GCPs were distant. Irregu-
lar shaped “extensions” of the mosaic area also produced large error el-
lipses. This phenomenon was especially prominent in the north-western
and north-eastern corners of the mosaic.
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a) b)

Figure 12. A subset of the high-water acquisition layer of the GRFM African
mosaic before a), and after b) calibration revision. The area covered is about
1000 km in east-west direction and about 670 km in north-south direction (Paper
3).

The geometric methods of mosaicking that were applied in the compilation
of the GRFM African mosaics can be applied to other similar SAR data
sets. This requires that the SAR data has associated geo-location data
the describes the internal geometry of SAR scenes reliably even though
absolute locations may include random or systematic errors of hundreds
of meters or even kilometres.

3.3 Radiometry in SAR Mosaicking

No simultaneous calibration measurement were made for validation of the
calibration level of the GRFM African mosaic. Removal of visible artifacts
were used as an indication of the calibration revision in Paper 3.

Figure 12 shows an example of the calibration approach. There is a clear
calibration artifact in the mosaic before calibration (Figure 12 a). As the
look direction of the JERS SAR was from east to west, the backscatter
increases with increasing range (all scenes were acquired in descending
orbits). The calibration method has removed this artifact completely (Fig-
ure 12 b).

Figure 13 shows a profile computed cross the white rectangle in Figure
12. The profiles were computed summing all pixels within the rectangle
along lines parallel to the orbit direction of JERS. The near-range to far-
range increase in backscattering amplitude is about 1 dB (Figure 13 a).
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Figure 13. A range profile in the GRFM African mosaic extract before a), and
after b) calibration revision (Paper 3).

The calibration has clearly removed the artifact. The remaining variation
in backscattering amplitude in Figure 13 b) is due to variation in land cover
type and vegetation characteristics.

In addition to the validation techniques discussed above, mosaic data can
be used in computerized image analysis algorithms to evaluate the pos-
sible existence of calibration artifacts. In Paper 3, a land-cover classifi-
cation was made (not by the author of this thesis) using the calibrated
mosaic data. This classification (Figure 12 in Paper 3) does not show visi-
ble calibration-related artifacts, which indicates that the calibration method
is suitable for producing mosaics for land-cover classification.

As with geometric accuracy, the comparison of mosaic methods in terms
of radiometric accuracy is not feasible due to differences in SAR sensor,
SAR processors, and available verification data for radiometric accuracy.

The radiometric methods of mosaicking that were applied in the compila-
tion of then GRFM African mosaics can be applied to other similar SAR
datasets. The assumption of stable backscattering between neighbouring
scenes in the overlap areas must be valid. In SAR systems where the ac-
quisition interval between neighbouring orbits is longer than one day the
validity of this assumption can be less probable than in the case of the
JERS-1 SAR system. Also higher-frequency SAR systems can have less
stable backscattering as a result of changes in weather conditions.
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3.4 Radar Wavelength and Polarisation in Forest Biomass Map-
ping

Multi-band polarimetric AIRSAR data were studied in the Freiburg study
site (Papers 4 and 5). Table 4 shows the correlation coefficient between
backscattering amplitude and the forest stem volume for the August 1989
scene. There were two scenes of August 1989 (1105 and 1107). Only
scene 1105 is included in Table 4 because scene 1107 covered the study
site only partially. Table 4 was computed using the stand-wise averaged
Stokes matrices of all 230 stands of the study site except for those cases
where stem volume range was limited to 0–170 m

�
/ha. When computed

over the whole range of stem volumes (0–830 m
�
/ha) the correlation coeffi-

cients in C- and L-bands are negative. This is because the radar backscat-
ter vs. stem volume relation saturates at fairly low stem volume levels
in C- and L-bands as seen in Figure 14, which shows the HV-polarised
backscattering amplitude as a function of forest stem volume for all AIR-
SAR bands. In L-band, the saturation level is somewhere between 120
and 150 m

�
/ha. Figure 14 cannot be said to be in disagreement with the

saturation values (130 to 157 m
�
/ha) reported by Fransson and Israelsson

(1999).

Even though the saturation point is somewhere between 120 and 150
m
�
/ha, the backscattering amplitude does not drop rapidly after the sat-

uration point. Fairly high linear correlation coefficients can be obtained up
to about 170 m

�
/ha. When including only those stands where the stem

volume is 170 m
�
/ha or less, the L-band correlation coefficients turn pos-

itive and the magnitude increases to about 0.45. The highest correlation
coefficient (0.73) between backscattering amplitude and stem volume was
obtained using P-band HV-polarised data.

Estimation RMSE was computed in Paper 4 for those regression models
whose correlation coefficient was larger than 0.40. In the L-band analy-
sis of the 0–170 m

�
/ha stem volume range, the dataset included only 72

stands. The RMSE was estimated from the same dataset that was used for
the development of the regression model. The RMSE values were 41.7,
40.9, and 42.5 m

�
/ha for the HV, HH, and VV models, respectively. The

0–830 m
�
/ha dataset that was used for the P-band model included 230

stands. This dataset was split in two equally sized subsets, one for model
development and one for computing an estimation RMSE. For P-band HV-
polarisation data, the estimation RMSE was 141.7 m

�
/ha (in a data set

where the forest stem volume varied between 0 and 830 m
�
/ha).
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The correlation coefficients in P-band (0.73, 0.31, and 0.21 in HV-, HH-,
and VV-polarisations, respectively) are lower than those obtained by Le
Toan et al. (1991) in a French study site ( � � values of 0.95, 0.90, and
0.88). Two reasons have probably contributed to the lower correlations in
the Freiburg study site:

1. Species composition: in the French study site, pine is practically
the only tree species in evenly-aged stands whereas the forest in
the Freiburg study site includes spruce, fir, pine, and some decidu-
ous species. The age distribution within a stand is also wide in the
Freiburg study site.

2. The 8-year old forest inventory data in the Freiburg study site may
have lowered the correlation coefficients.

Table 4. Correlation coefficient between AIRSAR backscattering amplitude and
forest stem volume for C-, L-, and P-bands in various polarisations in the Freiburg
study site. The AIRSAR data were acquired in August 1989 (scene 1105). The
number of observations (stands) was 230 for the stem volume range 0-830 and 72
for the range 0-170 (Paper 4).

Band and Stem volume Correlation
polarisation (m

�
/ha) coefficient

C-HV 0-830 -0.37
C-HH 0-830 -0.33
C-VV 0-830 -0.06

L-HV 0-830 -0.19
L-HV 0-170 0.47
L-HH 0-170 0.50
L-VV 0-170 0.43

P-HV 0-830 0.73
P-HH 0-830 0.31
P-VV 0-830 0.21
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Figure 14. AIRSAR HV-polarised backscattering amplitude as a function of forest
stem volume in the Freiburg study site: a) C-band, b) L-band, c) P-band. The 99
percent confidence limits of the regression function are shown as dashed lines for
the P-band regression function. The AIRSAR data were acquired in August 1989
(scene 1105, Paper 4).
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The search for optimal polarisation for stem volume mapping was con-
ducted separately for each radar band in the 4-dimensional space of polar-
isation combinations using the search method described in section 2.2.3.
The optimal polarisation combination was always at, or close to, the origi-
nal linear polarisations measured by the radar (HH, HV, VV, VH).

Figure 15 shows the correlation coefficient between the backscattering
amplitude and forest stem volume as a function of polarisation combina-
tion. Two sub-spaces of the 4-dimensional space of polarisation combina-
tions are shown (in Figure 15): the co-polarised (receive orientation equals
transmit orientation, receive ellipticity equals transmit ellipticity) and the
cross-polarised (receive orientation is orthogonal to transmit orientation,
receive ellipticity is the transmit ellipticity multiplied by -1). In Figure 15 a
and b, only those stands were included where stem volume is 170 m

�
/ha

or lower.

In L-band, the correlation coefficient between backscattering amplitude
and stem volume varied very little with the polarisation combination (Fig-
ure 15 a and b). In P-band, on the other hand, the correlation has a strong
and narrow peak at HV- and VH-polarisations, while the rest of the co-
polarisation and cross-polarisation sub-spaces are in the 0.3 to 0.4 range.
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Figure 15. Correlation coefficient between backscattering amplitude and forest
stem volume as a function of polarisation combination for AIRSAR data (Au-
gust 1989, scene 1105) in the Freiburg study site: a) L-band, co-polarisation,
b) L-band, cross-polarisation, c) P-band, co-polarisation, and d) P-band, cross-
polarisation. In the L-band figures, only those stands were included where stem
volume is 170 m

�
/ha or lower. Number of observations (stands) was 230 in P-band

and 72 in L-band (Paper 4).

73



Volume vs. P-band cross-
polarisation, August 1989
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Volume vs. P-band cross-
polarisation, June 1991
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Volume vs. P-band cross-
polarisation, July 1991
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Figure 16. Correlation coefficient between backscattering amplitude and forest
stem volume as a function of polarisation combination for P-band AIRSAR data
in the Freiburg study site: a) August 1989 (scene 1105), b) June 1991, and c)
July 1991. Only stands of 1 ha or larger were included. The number of observa-
tions (stands) was 182, 176, and 179 for August 1989, June 1991, and July 1991,
respectively (Paper 5).

The temporal stability of the relation between stem volume and radar back-
scatter was also studied in the Freiburg study site (Paper 5). Figure 16 (Pa-
per 5) shows the correlation coefficient between the P-band backscattering
amplitude and forest stem volume as a function of polarisation combination
for three dates:

a) August 1989,

b) June 1991, and

c) July 1991.

All sub-figures of Figure 16 correspond to the same cross-polarised sub-
space of the 4-dimensional space of polarisation combinations as Figure
15 d). Figure 16 a) was computed from the same data as Figure 15 d), but
only stands of 1 ha or larger were included in Figure 16. As can be seen
in Figure 16 a) to c), the relation between the stem volume vs. backscat-
tering amplitude is fairly constant over time. The corresponding correlation
surfaces of C- and L-bands have a lower level of the correlation coefficient
and irregular shape. This is in agreement with the observation by Dobson
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et al. (1991) that rain shower had the weakest effect on P-band (out of C-,
L-, and P-bands).

Table 5 illustrates the development of the correlation coefficients between
stem volume and backscattering amplitude for AIRSAR C- and L-band
data. As the C-band saturation limit is about 60 m

�
/ha and the L-band

limit somewhere between 120 and 150 m
�
/ha, 100 m

�
/ha has been used

in Table 5 as compromise between these two values. This choice also al-
lowed the C-band dataset to include more stands than a limit of 60 m

�
/ha.

Only stands of 1 ha or larger were included in Table 5. The number of
such stands varied between 35 and 37. The C-band correlation coeffi-
cients varied widely except in VV-polarisation. The L-band correlations
were constantly between 0.5 and 0.7.

Table 5. Correlation coefficient between AIRSAR backscattering amplitude and
forest stem volume for C- and L-bands in various polarisations in the Freiburg
study site in three acquisition times. Only stands of 1 ha or lager with stem vol-
umes 100 m

�
/ha or less were included. The number of observations (stands) was

between 35 and 37 (Paper 5).

Scene Band Correlation
coefficient

HH VV HV
August 1989 C 0.315 0.575 0.215
June 1991 C 0.107 0.631 0.491
July 1991 C -0.062 0.667 0.386

August 1989 L 0.539 0.674 0.671
June 1991 L 0.635 0.584 0.637
July 1991 L 0.684 0.679 0.699

In addition to the stability of of the relation between stem volume and radar
backscatter, the temporal stability of the backscattering was also studied
in Paper 5. As the meteorological and soil moisture data were limited,
no conclusions could be drawn on the reasons of changes in backscatter
between image acquisition times.

In Figure 17, forest stem volume is plotted against the estimated stem
volume using AIRSAR P-band HV-polarised data from three dates. The
model of the regression function was of the form:��� [ i " &�Ö i � & � i � &�× � &�Ç � (57)
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Figure 17. Multi-date regression analysis results for forest stem volume using
AIRSAR P-band HV-polarised data in the Freiburg study site. The number of
observations (stands) was 120 (Paper 5).

where�
= forest stem volumei " = backscattering amplitude in the August 1989 scene (1105),i � = backscattering amplitude in the June 1991 scene,i � = backscattering amplitude in the July 1991 scene,[tg Ö gK�g and × = regression coefficients, andÇ = random error.

The multiple correlation coefficient (the correlation coefficient between the
predicted stem volume and the true stem volume) was 0.82, which is
higher than any of the single-date correlations (0.79, 0.60, and 0.75). Only
stands of 2 ha or larger were included in this multiple regression model
(120 observations).
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Figure 18. Change detection in the Freiburg study site using stand-wise AIRSAR
P-band HV data. Backscattering amplitude of August 1989 (scene 1105) is shown
on the horizontal axis and the backscattering amplitude of July 1991 on the ver-
tical axis. The number of observations was 179. The filled symbols are forest
stands that were not clear-cut between 1989 and 1991. The two outlined symbols
are stands that were clear-cut between August 1989 and July 1991 (Paper 5).

Figure 18 shows a change detection example using AIRSAR P-band HV-
polarised data. The figure shows the stand-wise backscattering amplitude
of July 1991 plotted against the backscattering amplitude of August 1989.
The two stands (open symbols) that have been logged between image
acquisitions are clearly separable from other stands.
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3.5 Multi-Temporal L-Band Radar Backscatter in Forest Biomass
Mapping

Multi-temporal L-band JERS SAR data were studied in the Ruokolahti
study site. Table 6 shows single-date regression results for the six SAR
scenes that were available (Paper 6). Columns A and B give the slope and
intercept of a linear regression model of the form:�Æ� M 
R$ b & � � &�Ç � (58)

where
�

is forest stem volume (m
�
/ha),

$ b is backscattering amplitude cor-
rected for topography (relative to the 0A- calibration factor 68.2 dB, 0A- �( �Ø
 �O�P�.� $ �b �N* �49����

dB, all scenes were scaled to this calibration standard
before regression analyses), and Ç is random error. Column RMSE gives
the the root mean square error of the estimated forest stem volume. The
RMSE values of Table 6 were computed using the leave-one-out method.

The correlation coefficient is highest (0.63 to 0.81) for the summer scenes.
One of the winter scenes (Wet95Jan), had also a correlation coefficient
similar to those of the summer scenes. This was a scene acquired in
conditions where a layer of moist new snow was present on top of older
snow layers, which also were thawed. The other two winter scenes, which
were acquired in cold and dry conditions, had low correlations. This is
in agreement with the observation by Santoro et al. (2004) that frozen
conditions were least suitable for forest biomass retrieval.

The level of the summer-time correlation coefficients and the scene
Wet95Jan in Table 6 is in agreement with the correlation coefficients of
Askne et al. (2003) who found the correlation coefficients to be generally
of the order of 0.8. The RMSE values of Table 6 are generally lower than
the RMSE values of single-date JERS SAR results (69.5–140.1 m

�
/ha) in

Askne et al. (2003) even though the RMSE values in Table 6 have not
been corrected for uncertainty of the ground data. The main reason for
this is most likely the lower average stem volume in the Ruokolahti study
site (100 m

�
/ha) compared to that in the Kättböle study site (140 m

�
/ha).

Summer Scenes As the summer-time response of L-band backscattering
amplitude to forest stem volume is stable from scene to scene, a general L-
band model was proposed in Paper 6 for approximative mapping of forest
stem volume and biomass. The general function was computed from the
three summer scenes combined, leaving out clear-cut areas. The function
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Table 6. Correlation coefficients (r) and parameters of linear regression functions
(A = slope, B = intercept) between forest stem volume and JERS backscattering
amplitude at various times of the year in the Ruokolahti study site. The RMSE was
computed using the leave-one-out method. There were 206 observations in all six
cases. The regression was significant at 5 % confidence level in all cases except
the Dry98Mar. See section 2.1.4 for scene identifiers (Paper 6).

Scene A B r RMSE (m
�
/ha)

S95Jul 0.60 -562 0.81 44.79
S95Sep 0.72 -743 0.70 56.18
S95Oct 0.87 -894 0.63 61.25

Dry93Feb 3.22 -3239 0.40 72.93
Wet95Jan 0.71 -560 0.78 49.22
Dry98Mar -30.33 26896 -0.05 79.27

was derived from Equation (58):�������	�_=�
�$ bF* � � < (59)

or �Æ�����	�_= 7 ( ��Ù>ÚIÛ!Ü�ÝÕÞ  �)ßáà "�� * � � < (60)

where
�

is forest stem volume in m
�
/ha and

$ b is L-band backscatter-
ing amplitude (relative to calibration factor 68.2 dB). This function is valid
for VV-polarised L-band radar scenes (with a nominal incidence angle of
about 39°) that are acquired in summer conditions similar to the condi-
tions of the three scenes used in Paper 6 (i.e., no heavy rain in the weeks
preceding radar data acquisition).

In Paper 1, forest stem volume was correlated against L-band Seasat
backscattering amplitude that had not been corrected for topography ef-
fects. The very low correlation coefficient (0.05) shows that stem volume
mapping is not feasible without terrain corrections in a hilly or mountainous
area. One reason why forest stem volume estimation was not attempted
in Paper 1 after radiometric correction of terrain effects (as done in Paper
6) was the coarse ground data and DEM. Another reason was the poor
(Landsat derived) stem volume data in the Arjeplog site.

The summer-time correlations in Table 6 (0.81, 0.70, and 0.63) are slightly
higher than the correlations obtained for young stands in the Freiburg study
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site using AIRSAR L-band HH-polarised data (0.54, 0.64, and 0.68, Table
5). The reasons for the slight difference can be:

• less accurate ground data in the Freiburg study site (8- or 10-years
old inventory in an area where forest growth is fast) than in the Ruoko-
lahti study site (2-year time difference between forest inventory and
SAR image acquisition in 1995), and

• a narrower range of stem volumes (restricted to stands with 0 to 100
m
�
/ha) in the Freiburg study site than in the Ruokolahti study site

(stands with 0 to 364 m
�
/ha), which tends to lead to lower correlation

coefficients in regression analysis; correlation coefficients in scenes
S95Jul, S95Sep, and S95Oct were 0.78, 0.62, and 0.45, respectively,
when computing over the 95 stands with stem volume of 100 m

�
/ha

or less.

Differences in tree species composition, understory, and soil conditions
may also have contributed to the differences on correlation coefficients
between the Freiburg and Ruokolahti study sites.

Figure 19 shows regression functions and stand-wise observations be-
tween backscattering amplitude and forest stem volume for all six scenes.
In addition to similar correlation coefficients, the linear regression functions
are also similar between all summer scenes.

Winter Scenes In the dry winter scenes (Figure 19), the average backscat-
ter is about 2 dB lower than in the summer scenes. This is in agreement
with the well known phenomenon of backscatter drop when the forest
canopy freezes. Kwok et al. (1994) observed a drop of 3 dB in L-band
HH-polarised data when the forest canopy and ground froze. Ranson and
Sun (2000) reported a difference of about 2.5 dB between the frozen and
thawed state in non-water areas. Santoro et al. (2004) found an increase
of approximately 4 dB in spring when the forest went from frozen winter
conditions to snow-free summer conditions. Santoro et al. (2004) men-
tioned that the calibration error was 1–2 dB.

The dry winter scenes are almost uncorrelated with stem volume. One
explanation of this could be that the forest canopy – in areas with average
stem volume of about 100 m

�
/ha – in a frozen state is almost transparent

to L-band radar, and therefore the ground backscattering dominates the
radar image.
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a) b)

c) d)

e) f)

Figure 19. Regression functions between JERS backscattering amplitude and for-
est stem volume for winter (left) and summer (right) scenes in the Ruokolahti study
site. The solid line shows the regression line computed for the observation data in
the diagram. The dashed lines show the regression lines for the other five scenes.
The dotted lines around the solid line show the variation of the regression function
in the leave-one-out testing method (Paper 6).

81



Canopy scattering

Ground Ground

GroundGround

Snow with ice crust
and ice particles

Absorbing layer of new, moist snowAbsorbing layer of new, moist snow

Snow with ice crust
and ice particles

Ground
scattering

Ground
scattering

Canopy scattering

Snow with ice crust
and ice particles

Snow with ice crust
and ice particles

Ground
scattering

Ground
scattering

Dry winter conditions

Wet winter conditions

Figure 20. Forest and clear-cut backscatter (schematically) in dry and wet winter
conditions (Paper 6).

The wet winter scene Wet95Jan (Figure 19) has a regression function with
a similar slope to those of the summer scenes, but the backscatter level is
about 2 dB lower than in the summer scenes. This can be an indication that
forest canopy and soil included very small amount of liquid water during
the acquisition of the scene Wet95Jan, when the temperature had risen
to about 0 C in January. The scene Wet95Jan also discriminates well
between clear-cut areas and forested areas.

Figure 20 shows a possible explanation for the high correlation coefficient
between backscattering amplitude and forest stem volume in wet winter
conditions. In dry, frozen winter conditions, the backscatter from the forest
canopy is not notably higher than the backscatter from open areas – from
the ice particles in the snow pack and from stones and other scattering
sources under the snow. If a wet snow layer absorbs the backscatter from
ground and lower snow pack, open area backscatter becomes very low.
The backscatter from the forest canopy may increase if the liquid water
contents of canopy components increases. This increases the correlation
coefficient between backscattering amplitude and forest stem volume and
also increases the separation between open and forested areas.
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Multi-Date Regression Analysis Multiple linear regression analyses (de-
pendent variable forest stem volume, independent variables six JERS SAR
scenes) were made in a series varying the stem volume range included in
the dataset (Paper 6). Table 7 shows the results of these regression anal-
yses. Column ’ ��� ’ gives the coefficient of variation. Columns ’ �²�Ì`Í ’ to ’ ���Ì 6 ’give the adjusted � � as computed using Equations (54) to (56). Column
’RMSE’ gives the root mean square error of the multiple linear regression
model as computed by the leave one out method. The column ’RelE’ gives
the RMSE as a percentage of the width of the forest stem volume range
included in the analysis.

Table 7. Multiple regression analysis results as a function of forest stem volume
range. The dependent variable was forest stem volume. The independent variables
were the six JERS scenes (1 = Dry93Feb, 2 = Wet95Jan, 3 = S95Jul, 4 = S95Sep,
5 = S95Oct, 6 = Dry98Mar). RelE = relative RMSE = RMSE/(Vol � Q { - Vol � � Å ).
S = significant at 5 % risk level, - = not significant (Paper 6).

Vol-Rg n â � â �Ì Í â �Ì�Ï â �Ì 6 RMSE RelE 1 2 3 4 5 6
eq 54 eq 55 eq 56 (m

�
/ha) (%)

0-360 206 0.71 0.70 0.70 0.70 42.8 11.7 S S S - - S
50-360 139 0.37 0.34 0.35 0.34 47.2 15.0 S - S - - -

100-360 112 0.35 0.31 0.32 0.31 44.8 16.9 S - S - - -
150-360 59 0.43 0.37 0.38 0.36 44.6 20.7 - S S - - -
200-360 19 0.53 0.33 0.35 0.30 68.8 41.7 - - - - - -

0-300 202 0.77 0.76 0.76 0.76 35.2 11.7 S S S - - S
0-250 202 0.77 0.76 0.76 0.76 35.2 14.1 S S S - - S
0-200 187 0.79 0.78 0.78 0.78 30.1 15.0 - S S - - S
0-150 152 0.83 0.82 0.82 0.82 22.9 15.3 - S S - - S
0-100 95 0.83 0.82 0.82 0.82 15.5 15.5 - S - - - S

0-50 67 0.64 0.61 0.61 0.60 7.6 15.2 - S - - - S

In the first set of cases (the upper end of the stem volume range, in-
creasing the lower bound of the range), the coefficient of determination
decreases with decreasing range of stem volumes (and decreasing num-
ber of stands). The number of significant variables also decreases – the
last case with only 19 stands makes the whole regression insignificant at 5
percent significance level. The RMSE increases with decreasing range of
stem volumes. Only one (S95Jul) summer scene out of three is significant.
This is because sumer scenes are highly correlated among themselves.
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In the second set of cases (the lower end of the stem volume range, de-
creasing the upper bound of the range), the coefficient of determination
increases with decreasing range of stem volumes (and decreasing num-
ber of stands) until 0–150 or 0–100 m

�
/ha. In other words, the highest

coefficient of determination (in the lower range of stem volumes) is ob-
tained when including data below the saturation zone only. The RMSE de-
creases with decreasing range of stem volumes. Also in this set of cases,
the scene S95Jul is the only summer scene with a significant contribution
to the regression.

A two-piece multi-temporal stem volume estimator was derived from the
multiple regression analyses. This estimator is a combination of two multi-
ple linear regression models having three independent variables:

W = backscattering amplitude in the wet winter scene, Wet95Jan,

D = backscattering amplitude in the dry winter scene, Dry98Mar, and

S = average backscattering amplitude in the three summer scenes (S95Jul,
S95Sep, and S95Oct).

The two piece-wise estimates are ( ãPä for the lower stem volume range, ãPå
for the upper stem volume range):ã�ä � *¥(4( 9��	9 & ���>��< � 
 ¾ * ���>��=4��
Pæ (61)

and ãRå � *Á( ?�<��>ç & ��� ( 9 � 
 ¾ * ���>� � ç�
Pæ & �����4? � 
è¦� (62)

The combined estimate is computed:

if ãRåÑé�( �4�Øê ã � ãRå
if ãRå�ë 9��Øê ã � ã�ä (63)

if ãPåÑì 94�
and ãRåÑíî( �4�Øê ã � ( �4� *±ãRå<_� ã�ä & ãRå«* 9��<�� ãRå �

It was decided to split the forest stem volume range at 100 m
�
/ha and not at

150 m
�
/ha which is closer to the saturation point of L-band backscattering

amplitude. This decision, which was based on experimentation, aimed
at stronger correlation in the lower stem volume range. The regression
coefficients of the upper stem volume range were determined using the
whole stem volume range of 0–360 because the function for the upper
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a) b)

Figure 21. Estimated stem volume for multi-date regression models in the Ruoko-
lahti study site. All six JERS SAR scenes were used as independent variables of
a linear model in a). The 2-piece model (see section 3.5) was used in b). There
were 208 observations in both cases. A triangle marks the maximum estimated
stem volume in the leave-one-out method. A plus sign marks the corresponding
minimum estimate.

stem volume range was used to select between the pieces of the two-
piece estimator. All regression coefficients in Equations (61) and (62) were
significant at 5 percent risk level.

Figure 21 shows the estimated vs. true forest stem volume for a 6-date lin-
ear multiple regression model (a) and the 2-piece model described above.
Both models had very similar RMSE figures (41.3 m

�
/ha for 6-date lin-

ear, 41.6 m
�
/ha for the 2-piece model) as estimated by the leave-one-

out method. The 2-piece model, which depends more on the wet winter
scene, reduces the bias at the lower end of the forest stem volume range.
The RMSE value (41.3 m

�
/ha) of the six-date estimation is lower than the

RMSE obtained by Askne et al. (2003) in the Kättböle study site with
nine-date JERS backscatter data (36.4 or 59.0 m

�
/ha, depending on the

selection of training and test datasets) when taking into account that no
uncertainty figures for ground data has been subtracted from the RMSE
value in the Ruokolahti site. If a similar reduction was made in the RMSE
value of the Ruokolahti study site, it would be about on the level (27.2–38.0
m
�
/ha) of the RMSE of the model that used three backscatter observations

and one coherence observation in Askne et al. (2003). The reason for
smaller RMSE values in the Ruokolahti study site is most likely the lower
mean stem volume in Ruokolahti.

In addition to the two-piece estimator of Equations (61) and (62), another
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Figure 22. JERS-estimated forest stem volume for a 38 km by 38 km area in the
Ruokolahti-Puumala region. Black corresponds to a stem volume of 0 m

�
/ha and

white to 200 m
�
/ha. Compact blue is water. For a colour version, see the front

cover of this publication (Paper 6).
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estimator was derived using those original scenes (not the averaged sum-
mer scene) that produced significant regression coefficients. The upper
stem volume range model was determined using only data from the stem
volume range of its validity, not over the whole range 0–360 m

�
/ha. This

estimator produced a better correlation coefficient between the estimated
and ground-measured forest stem volume and also a smaller RMSE2. This
model was abandoned because it produced very poor estimates outside
the area of the stands that were used in its derivation.

Figure 22 shows the combined multi-temporal stem volume estimate (two-
piece estimate, Equations 61 and 62) computed over an area of 38 km by
38 km around the Ruokolahti study site.

2It appears that the RMSE figure of the 2-piece model that was reported in Paper 6 (28.5 m ï /ha)
was computed using this model, not the one described by Equations (61) and (62). This was an
error in Paper 6.
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4 Summary of Papers and Contribution

In Paper 1, the incidence angle effects due to local topography on L-band
Seasat SAR data in a forested area were analyzed using a digital elevation
model. Topographic effects accounted for over 60 percent of the total vari-
ation in the L-band Seasat SAR scene in a hilly and mountainous study
site in northern Sweden. The most important topographic factor was the
size of the resolution cell, which varies with varying incidence angle com-
ponents. This was the first study where topographic effects – in the form
of the size of a resolution cell – were analysed in quantitative terms in a
large study site in boreal forest.

In Paper 2, a methodology for the revision of the geometry of SAR scenes
for mosaicking multi-temporal sets of SAR scenes was presented. JERS
scenes of the GRFM African mosaic were used as SAR data. Sub-pixel
internal consistency of the mosaic was obtained. Absolute geometric ac-
curacy was estimated to be within a few hundred meters. This was the
first time that a rigorous least squares adjustment was applied to a multi-
temporal SAR mosaic dataset of over 3000 scenes. Error ellipses were
used to evaluate the spatial distribution of the uncertainty in scene loca-
tions.

In Paper 3, the geometric mosaicking method was described in more de-
tail. A methodology for improving the calibration of SAR scenes when a
large number of scenes are mosaicked was also presented. The same
set of JERS SAR scenes was used as SAR data as in Paper 2. The cal-
ibration artifacts before the calibration revision were about 1 dB or even
higher. The calibration revision method produced mosaics that enabled
image analysis without scene boundary effects.

In Paper 4, the characteristics of various radar wavelengths and polar-
isations were analysed in mapping forest biomass. AIRSAR data were
used in a German study site. A systematic method was presented to find
the optimal combination of transmit and receive polarisations for forest
biomass mapping. The method uses stand-wise averaged Stokes ma-
trix data and a polarisation synthesis algorithm. This method maximises
the correlation coefficient between forest stem volume and SAR backscat-
tering amplitude. P-band HV-polarisation was the optimal single radar
dataset in mapping forest stem volume. In stands with stem volumes less
than 170 m

�
/ha, L-band also had a strong correlation between stem vol-

ume and backscattering amplitude. Paper 4 was the first study where
optimal polarisation was systematically analysed – using the correlation
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coefficient between forest stem volume and backscattering amplitude –
over the whole transmit-receive polarisation space in a dataset of over 200
conifer-dominated forest stands.

Paper 5 extended the wavelength-polarisation analysis of Paper 4 to a
multi-temporal AIRSAR dataset. In P-band, the HV-polarisation was the
optimal single radar dataset in all three scenes acquired in August 1989,
June 1991, and July 1991. The form of the correlation surface (between
forest stem volume and backscattering amplitude) in the P-band cross-
polarised sub-space was also similar from scene to scene. Also in L-band,
the correlation coefficients between forest stem volume and backscattering
amplitude were almost constant from scene to scene when the analysis
was restricted to stands with stem volumes less than 100 m

�
/ha. In C-

band, the stem volume correlations varied from scene to scene in HH- and
HV-polarisations.

In Paper 6, a multi-temporal JERS SAR dataset was studied in a site in
south-eastern Finland. The dataset included three scenes acquired in
summer (July to October), two scenes acquired in freezing winter con-
ditions, and one scene in winter conditions with a moist new snow layer
on top of old snow. The forest inventory ground data included 206 stands
of boreal forest. In the JERS SAR scenes that were acquired in freez-
ing winter conditions the correlation between stem volume and backscat-
tering amplitude was low. The relation between forest stem volume and
backscattering amplitude was so similar in summer scenes that one re-
gression model could be proposed for forest stem volume mapping in wide
areas if accuracy requirements are not high.
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5 Conclusions

An optimal tool – among weather independent microwave sensors – for
space-borne forest biomass mapping is a P-band HV-polarised SAR. This
is due to its strong relation with forest biomass as shown in Paper 4 and
the literature (e.g., Le Toan et al. 1991). The P-band relation with forest
biomass is also sTable as shown in Paper 5.

In the absence of a space-borne P-band SAR in the foreseeable future,
summer-time L-band SAR data can be used for approximate forest biomass
mapping in areas where biomass is not very high, e.g., in the northern
part of the boreal forest zone. The L-band has a stable relation with for-
est biomass in areas with fairly low biomass as shown in Papers 5 and 6.
This stability of the relation between L-band backscattering amplitude and
forest biomass was observed in a dataset that only included SAR scenes
acquired in fairly dry conditions. The L-band biomass mapping – using
the biomass function derived in Paper 6 – may require that SAR scenes
are not degraded by excessive amounts of rain that could decrease the
contrast between high and low biomass areas. The results of Conway &
Estreguil (1994) and Keil et al. (1994) suggests that rain has an impact on
the contrast between open and forested areas in C-band SAR data. The
relation between L-band backscattering amplitude and forest biomass in
rainy SAR scenes was not studied in Paper 6 because the dataset did not
include scenes acquired in very rainy conditions.

L-band forest biomass mapping in wide areas requires accurate mosaick-
ing of a large number of SAR scenes. This can be achieved using geome-
try revision techniques like that described in Paper 2. Application of forest
biomass estimation models to a mosaic of SAR data requires good relative
calibration from scene to scene. Such calibration can be obtained by cali-
bration revision techniques, for example the technique that was described
in Paper 3.

In all forest biomass mapping using SAR backscattering amplitude, the
effects of terrain topography must be corrected from the SAR scenes be-
fore forest biomass estimation models are used. Terrain topography can
account for more than 60 percent of the variation in SAR backscattering
amplitude in hilly forested areas as shown in Paper 1.

90



6 Future Research

The future space-borne SAR systems – especially the Japanese ALOS
PALSAR, which operates in L-band – will enhance the potential for wide
area forest biomass mapping. The results of Paper 6 suggest that the
derived biomass function can be used in forest biomass mapping in wide
boreal forest areas with L-band HH-polarised SAR. As these results were
verified in a single study site, the biomass function should be validated in
a larger set of study sites with wider variation in forest types and forest
management practices.

Polarimetric interferometry has been proposed for forest biomass map-
ping. As this technique requires fully polarimetric data acquisitions, the
technique may turn out too demanding in terms of data acquisition and
area coverage. In fully polarimetric mode, the SAR sensors of the near
future have an image swath width that is only half of the nominal single-
polarisation swath. The so called dual-polarisation configuration, which in-
cludes simultaneous HH- and HV-polarised data, covers the whole swath
of the single-polarisation mode. Therefore, the use of HV-polarisation –
alone or in addition to the HH-polarised data – is a central research topic
in the coming years.

The forest biomass function derived in Paper 6 is valid in forested areas.
Mapping of forest and non-forest land cover types should be made prior
to forest biomass mapping to avoid gross errors and mis-interpretation
of mapped biomass values. Even though forest area mapping has been
studied for a long time reliable discrimination between forest and various
non-forest land cover types is challenging in wide areas that include wide
variation in climatic and topographic conditions. When forest biomass is
mapped in country-wide or continent-wide areas mapping of forest and
non-forest land cover types requires research on reliable and accurate
methods and on earth observation data that can be used in this task.

A digital elevation model (DEM) was a key element in geometric and ra-
diometric processing of SAR scenes in Papers 1 and 4 through 6. In all
these cases, the DEM-based processing was done on single SAR scenes.
In wider areas, a mosaicking process hides the growth direction of the
range co-ordinate, which is essential for both geometric and radiometric
DEM-based processing of SAR scenes. Use of DEMs in geometric and
radiometric processing of SAR mosaics requires further research.
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