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ABSTRACT: In this paper a methodology for growing stock volume retrieval in boreal forests is devised. The
methodology is developed at stand level and uses a multi-temporal set of spaceborne SAR data acquired at L-
band by the Japanese satellite JERS-1 over an interval of four years. The test area consists of four large forest
compartments, being part of the forest enterprise of Bolshe-Murtinsky, Siberia. Although two compartments
were characterized by marked topography, the backscatter did not seem to be affected, in particular in dense
forests. Seasonal effects were more relevant. SAR imagery acquired under dry-unfrozen conditions consis-
tently showed the largest dynamic range and the absence of saturation in the interval 0-350 m*/ha. By means
of a semi-empirical model the inversion of backscatter measurements was performed and growing stock vol-
ume was estimated. Dry-unfrozen conditions were the most suitable for the retrieval, although the effect of
spatial heterogeneities within the compartments increased the error. For changing weather conditions, satura-
tion at 200 m*/ha limited the retrieval to sparse forests. Frozen conditions were the least suitable. Multi-
temporal combination of single-image estimates helped in increasing the accuracy. Using a rough correction
for the errors in the ground-truth, the growing stock volume estimates were reasonably accurate and in line
with studies carried out at other boreal sites, being mainly affected by spatial differences of the backscatter in
the test area and the properties of the growing stock volumes used for model training. This study shows the
importance of L-band backscatter for the retrieval of growing stock volume in the boreal belt, thus being an
important aspect for the forthcoming ALOS mission.

of the signal has been reported to occur between 150
and 225 m’/ha (Fransson & Israelsson 1999, Kur-
vonen et al. 1999). This result shows the usefulness

1 INTRODUCTION

Siberian boreal forests represent one of the most im-
portant biomes because of environmental and eco-
nomic reasons. Siberia includes roughly half of the
world’s growing stock volume of coniferous species,
thus giving a significant contribution to the carbon
budget for the whole planet. On the other hand, the
massive trade of wood, the intensive forest man-
agement, the considerable amount of illegal logging
and damages due to fires, insects, pollution and
storms make Siberian boreal forests a very dynamic
environment, for which periodic and accurate moni-
toring is needed.

In boreal forests, spaceborne ERS C-band SAR
interferometric coherence has been proved to pro-
vide accurate information concerning the retrieval of
forest attributes at stand level (Balzter et al. 2002,
Santoro et al. 2002b, Wagner et al. 2003). Inversion
of backscatter has been acknowledged as providing
results with increasing accuracy for decreasing fre-
quency. For the L-band JERS backscatter, saturation

of the JERS backscatter for stem volume mapping in
boreal forests, although in dense forests large errors
can characterize the estimates. The saturation de-
pends on weather conditions at acquisition, as well
as on the forest structure, thus influencing the re-
trieval accuracy (Pulliainen et al. 1999, Santoro et
al. 2002a, Askne et al. 2003).

For several forest compartments located in Cen-
tral Siberia a model-based inversion procedure for
the estimation of stand-wise growing stock volume
from JERS backscatter was analyzed. An extensive
dataset of JERS images acquired at different envi-
ronmental conditions allowed to determine the most
suitable conditions for growing stock volume re-
trieval. The effect of different topographic features
on the backscatter measurements was considered as
well. For the inversion, the properties of the training
set are fundamental; therefore, we considered the
impact on the retrieval accuracy of different training
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sets. Finally, in order to filter the rather noisy esti-
mates, which are likely to occur in dense stands, the
availability of several images allowed performing a
multi-temporal combination of retrieved volumes
from single images.

2 GROUND-TRUTH DATA

As test sites four compartments within the forest en-
terprise of Bolshe-Murtinsky were considered. The
compartments are located north of the city of Kras-
noyarsk, along the river Yenisey in central Siberia
(Fig. 1). This is one of the 13 territories used in the
SIBERIA project (SAR Imaging for Boreal Ecology
and Radar Interferometry Applications) (Schmullius
et al. 2001). In accordance with the numbering in-
troduced in the project, the compartments are identi-
fied by means of an index. The major tree species
are spruce, fir and birch. In the two eastern com-
partments aspen is one of the dominant species too.
Few stands include pine, larch, cedar and salix trees.
The topography is rather gentle west of the river
Yenisey. In Bolshe-2 heights are between 220 and
260 m, whereas in Bolshe-4 the heights vary be-
tween 300 and 330 m, except along the border where
steep slopes are visible. In Bolshe-1 the topography
becomes stronger when moving towards the Eastern
part of the compartment. Having as reference the
height of approximately 200 m a. s. 1., the height dif-
ference increases from 50 to 200 m. In Bolshe-4 be-
cause of a steep mountainous relief at the western-
most part of the compartment, the height rapidly in-
creases of 140 m. On the plateau, at a height of 300
m, the topography is undulated but rather gentle,
with a maximum height difference of around 50 m.

Figure 1. The four forest compartments of Bolshe-Murtinsky
have been superimposed onto the DEM of the area. The trian-
gles represent the position of the three closest weather stations.
The Yenisey River flows west of the Bolshe-1 and -3 com-
partments. Projection used: UTM zone 46. Ellipsoid: WGS 84.
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The ground-truth data consisted of forest stand
boundary maps in digital form and field measure-
ments of several forest parameters, including grow-
ing stock volume. Growing stock volume is the most
common parameter in forest inventory for measuring
the forest density. It is expressed in m*/ha and is de-
fined as the volume of the tree trunks for all living
species in the stand per unit area. In young stands all
stems are considered, whereas in mature stands
stems with a diameter at “breast height” (1.3 m)
smaller than 6 cm are discarded.

The digital forest masks were provided at 50 by
50 m. The forest parameter measurements originated
from regular forest surveys performed by Russian
foresters and were part of an extensive GIS forest
database updated in 1998. No correction for the year
of acquisition of the images could be performed.
Based on information from the Russian forest inven-
tory standards, stem volume accuracy was between
15% and 20%, depending on the age of the forest
(Schmullius, et al. 2001). Nevertheless, the values
reported in the database were rounded values and
were characterized by confidence interval up £20
m’/ha (Balzter, er al. 2002). Exact figures for the
four compartments were not available.

In Table 1 the main properties for each compart-
ment are listed. Statistics refer to all stands that in
the database had growing stock volume above 0
m’/ha. Furthermore, several stands were discarded
after an initial analysis of the backscatter signatures.
Typical was the case of stands that appeared as
clear-cuts in the images but where still reported as
dense forest in the ground-truth database.

To aid interpretation, weather statistics in form of
temperature, precipitation, snow cover and snow
depth were used. The data were acquired at six
weather stations of the World Meteorological Or-
ganization in the region of Bolshe-Murtinsky. Al-
though the area covered was very large (see Fig. 1),
the weather conditions were rather similar. The tem-
peratures reported in Table 2 represent averages of
values measured at the six stations. The temperature
slightly increased for decreasing latitude.

Table 1. Main attributes of the four compartments in Bolshe-
Murtinsky. The area of each compartment is measured in km?.
The area of the stands is reported in ha. The growing stock

volume is measured in m*/ha.

Bolshe-1  Bolshe-2  Bolshe-3  Bolshe-4

Arca (km’) 278 262 211 246
. Mostly

Topography Varying  Gentle gentle Gentle
No. of stands 1489 1144 868 492
Standarea 48 3209 1-199  3-683
(min - max)
Volume 5-450  5-470  5-410  5-470
(min - max)
Mean volume  182.3 230.6 179.1 176.6
Std. Dev. 101.1 106.6 80.3 104.2
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3 SATELLITE IMAGERY

Imagery acquired by the HH polarized L-band (1.25
GHz, 23.5 cm) SAR mounted on the Japanese satel-
lite JERS-1 at a nominal incidence angle of 35° was
used. Since the four compartments were imaged
along different tracks, the whole forest territory
could not be viewed at once. Table 2 lists the acqui-
sitions dates and the compartments imaged at each
acquisition. Imagery grouped under one image num-
ber was characterized by similar environmental con-
ditions.

The images were all in Single Look Complex
format (SLC) since they were primarily supposed to
be used for interferometric processing (Eriksson et
al. accepted). Since this product is characterized by
a calibration error of 1-2 dB, it is not the most suit-
able for investigating the backscatter. This aspect
has been taken into account in the interpretation of
the results, in particular when comparing with inves-
tigations that used different calibration procedures.

Processing and radiometric calibration from
JERS-1 level 0 to SLC format accounted for JERS
sensitivity gain control, automatic gain control, and
corrected for the JERS range antenna pattern. In ad-
dition, data were filtered for radio frequency inter-
ference.

The SAR images were geocoded in order to
match with the digital forest masks. Images no. 12
and 13 were acquired during the SIBERIA project
and geocoded using the global GTOPO30 Digital
Elevation Model (DEM) (Wiesmann et al. 1999)
with a 50 by 50 m pixel size. For the remaining im-
ages the GTOPO30 DEM was used together with a
DEM obtained from interferometric ERS “tandem”
data, which partly covered the region under investi-
gation. These were geocoded to a 25 by 25 m pixel
size (Wegmiiller et al. 2002) and then downsampled
to 50 by 50 m to match the forest mask.

Table 2. Summary of images available in terms of identifica-
tion number, acquisitions date, areas covered and weather con-
ditions at acquisition. 7 indicates temperature in °C, SD indi-
cates snow depth.

Image no. Date Area Weather conditions
1 06.01.1994 24 T=-17° SD: 39 cm, Snowfall
2 19.02.1994 24 T=-17° SD: 45 cm, Snowfall
3 14.10.1996 2,4 T=2°
4 25.11.1996 1,3 T=-25°, SD: 20-45 cm

27.11.1996 24 T=-25° SD: 20-45 cm

10.01.1997 2,4 T=-20° SD: 20-60 cm

21.02.1997 1,3 T=-2° SD: 30-80 cm

23.02.1997 2,4 T=-18° SD:25-75 cm

(||

06.04.1997 1,3
08.04.1997 2.4

T=2°, SD:10-40 cm, Snowmelt
T=7°, SD: 5-30 cm, Snowmelt

9 20.05.1997 1,3 T=18°
10 03.07.1997 1,3 T=15°
11 16.08.1997 3  T=17°
12 22.06.1998 2,4 T=22°, Rainfall
13 05.08.1998 2,4 T=19°, Rainfall

Using the digital forest stand map, forest stands
were localized in the geocoded SAR images and for
each stand the mean backscatter was computed. In
order to reduce border effects and localization errors
on the backscatter measurements, the stands were
decreased in size by removing a two pixels wide
zone along the perimeter of each stand. Since stands
reported having stem volume of 0 m’/ha may be er-
roneous, they were discarded. Furthermore, to limit
the effect of speckle, only stands including at least
32 pixels (i.e. 8 ha) after shrinking were retained.
Although these operations strongly reduced the
amount of stands, they did not change significantly
the distribution of growing stock volumes except in
Bolshe-1, as shown in Table 3.

Table 3. Forest attributes statistics for the stands used in the in-
vestigation (i.e. larger than 8 ha and having growing stock vol-
ume above 5 m*/ha).

Bolshe-1  Bolshe-2  Bolshe-3  Bolshe-4
No. of stands 91 146 113 156
Volume 5-330  5-400  5-410  15-400
(min - max)
Mean volume 111.9 221.6 188.3 162.8
Std. Dev. 101.4 115.0 74.5 116.2

4 FOREST BACKSCATTER MODELING

L-band backscatter from forests depends not only on
the forest structure (density of foliage, branches and
trunks, moisture content of trees and ground, and
soil roughness) but it is also related to the SAR im-
aging system (i.e., incidence angle, spatial resolu-
tion, polarization). The wavelength of L-band (23.5
cm) is such that in forested areas the wave partly
penetrates into the upper layers of the canopy, inter-
acts with the main branches and can give rise to
double-bounces between trunk and ground.

4.1 L-band water cloud model

For this analysis, we assumed that the tree-ground
double bounce is negligible with respect to the direct
scattering from ground and vegetation, in accor-
dance with previous studies carried out in boreal
forests (Askne et al. 1995, Israelsson et al. 1995,
Baker & Luckman 1999, Fransson & Israelsson
1999). The assumption can be motivated considering
the rough topography of the ground, which can sig-
nificantly deflect the double-bounce away from the
radar (Ranson & Sun 1994, Pulliainen, et al. 1999),
and the thick and dense canopy, which can strongly
attenuate the incoming wave (Ulaby et al. 1990,
Chauhan et al. 1991, Shinohara et al. 1992,
Fleischman et al. 1996).

In a similar manner to the Water Cloud Model for
vegetation (Attema & Ulaby 1978) we consider a
simple model based on radiative transfer through a

Seasonal and topographic effects on growing stock volume estimates from JERS-1 backscatter in Siberian forests 153



horizontal scattering and attenuating layer with gaps
(Askne et al. 1995):

U)O-gr + U[Jng;ree + O-wg 1 Ttree )] (1)

The forest backscatter, Vo 'for, 1s modeled as a sum
of 1) direct scattering from the ground through the
canopy gaps, 2) direct ground scattering attenuated
by the canopy and 3) direct scattering from the forest
canopy. The first two terms form the ground contri-
bution; the third expresses the vegetation contribu-
tion to the total forest backscatter. In order to take
into account the gaps in the canopy, each term is
weighted by the area-fill factor, 7. This coefficient
represents the fraction of ground covered by tree
crowns from the radar’s perspective and is a forest
property that should be independent from frequency
and viewing angle.

In (1) oﬂg, and &Lg represent the backscatter
from the ground and the vegetation layers respec-
tively, while Tj.. is the two-way transmissivity
through the tree canopy. This expresses how much
the incoming energy gets attenuated when it passes
through the tree canopy. Equation (1) can be rear-
ranged in order to highlight the scattering compo-
nents from the ground and the vegetation:

0 —
O for =

o, =0T, +0°,(1-T,,) )
where
7, =[(1-n)+nT,..] 3)

represents the two-way transmissivity through the
whole forest canopy.

In (Pulliainen ef al. 1994) the forest transmissiv-
ity has been expressed as e, where V is the stem
volume and £ is an empirically defined coefficient.
Hence, the forest backscatter in (2) can be expressed
as a function of stem volume and (3) becomes:

o"}w = O';re oy O'Vgg (1 —e ) 4

4.2  Model training

Equation (4) includes three unknown parameters: the
ground and vegetation backscatter coefficients (o’ o
and oﬁwg) and the two-way forest transmissivity co-
efficient, £, which need to be estimated using a set
of backscatter and growing stock volume measure-
ments (training set).

In (Kurvonen, et al. 1999, Santoro, ef al. 2002a) a
least squares regression between measured and
modeled backscatter was considered. Nevertheless,
it can be argued that the two-way forest transmissiv-
ity does not change in time significantly; therefore, it
can be assumed to be constant, thus reducing the
number of unknowns to two. In (Askne, ef al. 2003)
a comparison between the two approaches has been
carried out at a forest estate in Sweden, showing
=0.004 ha/m’ at stable meteorological conditions.
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In this work a constant f equal to 0.004 ha/m’ has
been used.

4.3 Model inversion

Model training was performed at each test sepa-

rately. Due to the large area of each compartment

and the rather large number of stands, two different
types of training and test sets were formed:

1)  The compartment was divided in four equal
sectors and all stands in one area were used for
training, whereas the rest was used for testing.
The part showing the most uniform distribu-
tion of volumes in the interval of values meas-
ured in the compartment was chosen as train-
ing set.

2)  After sorting the stands for increasing volume,
three groups were considered and every third
stand was included in each group. With this
procedure, three sets with almost the same dis-
tribution of growing stock volumes were ob-
tained. Alternately, one group was used for
training whereas the other two formed the test
set.

Although the first method was more rigorous,
smce training was performed on a small area (40-50
km) the estimates of growing stock volume from
the inversion were likely to be affected by spatial
heterogeneities of the environmental conditions in
the large test area. With the second method the spa-
tial heterogeneity was included in the training set,
thus affecting the accuracy of the model parameters
estimates. Nevertheless, we ensured that the training
and the test set were as similar as possible in terms
of volumes distribution and had similar backscatter
properties.

Once the unknown parameters have been esti-
mated, it is possible to invert Equation (4) to retrieve
growing stock volume from stand-wise forest back-
scatter measurements, using a set of data independ-
ent from those used for training the model. Because
of the increasing trend for increasing growing stock
volume, the retrieved growmg stock volume was put
equal respectively to 0 m’/ha or the highest growing
stock volume measured in the training set, depend-
ing whether the measured backscatter was below the
smallest backscatter or above the highest backscatter
obtained from the model.

To evaluate the accuracy of the retrieval the coef-
ficient of determination (R?) and the root mean
square error (RMSE) have been considered. Correc-
tion for the errors in the in situ measurements could
not be performed, although a rough correction factor
of 20% has been included in the final evaluation.
Since the four compartments were characterized by
different growing stock volume distributions, com-
parison of results was carried out by means of the
relative RMSE, defined as ratio between the RMSE
and the mean ground-truth growing stock volume.
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5 RESULTS

The backscatter of stands with a marked topography
(i.e. standard deviation of height greater than 5 m)
did not show a clear difference when compared to
stands having flat topography. Furthermore, a ra-
diometric correction for the topography did not seem
to have a strong effect (see Fig. 2). The correction
was performed using the local angle between the
surface normal and image plane normal (Ulander
1996) obtained from the DEMs and the orbital data.

The dependence of the backscatter upon the envi-
ronmental conditions for sparse (V < 50 m*/ha) and
dense forests (V > 250 m’/ha) is illustrated in Fig. 3
as function of the image number. For each acquisi-
tion, the conditions were rather similar at all com-
partments, which explain the short error bars indicat-
ing the standard deviation of the backscatter.

Table 4 reports the highest retrieval accuracy
measured at each compartment using one third of the
stands as training set. Since the distribution of vol-
umes within the three groups of stands was very
similar, the retrieval did not show relevant differ-
ences. Worse results were obtained when training
was based on the first procedure presented in the
previous Section, using one of the four sectors. The
spatial differences in the relationship between back-
scatter and growing stem volume were the main rea-
son for the lower accuracy. Furthermore, when a
training sector included an insufficient and non-
uniformly distributed set of samples, an additional
error source worsened the estimates of the model pa-
rameters, thus introducing a relevant noise compo-
nent in the retrieved growing stock volume.

Whichever combination of estimates was consid-
ered, multi-temporal filtering allowed reducing the
estimation error slightly. A rough correction for the
uncertainty in the in situ measurements was further
applied. A relative error of 20% was considered rea-
sonable. The multi-temporal retrieval error after cor-
rection has been reported in Table 5.
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+ Topographic: stands
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Figure 2. Distribution of the backscatter coefficient as function
of growing stock volume (left) and comparison between meas-
ured and corrected sigma nought (right) at Bolshe-1 for the im-

age acquired on 3 July 1997.

6 DISCUSSION

6.1 Topographic effects

The results presented in Fig. 2 should be due to the
strong volume scattering occurring at L-band and the
inaccuracy of the DEMs used for the determination
of the topography. At L-band the dominant scatter-
ing related to volume effects in the forest canopy
makes the ground contribution to the total forest
backscatter negligible (see the following Section as
well). Hence, the effect of the ground topography on
the backscatter can be considered not as relevant as
at higher frequencies, where an accurate estimation
of the slopes is needed (Rauste 1990, van Zyl 1993,
Luckman 1998, Smith et al. 2001). The GTOPO30
DEM is rather accurate in Siberia (18 m) but has a
resolution of 30 arc seconds, which is too coarse
considering the fine topographic details of the area
of interest (see (Balzter, et al. 2002)). The interfer-
ometric DEM, despite being more accurate and hav-
ing higher resolution, rigorously speaking is not the
most suitable product for topographic correction in
areas where vegetation grows. Since forests intro-
duce additional topographic features, which fur-
thermore are characterized by strong noise due to the
low coherence, the interferometric DEM does not
give a true representation of the ground topography.

6.2 Seasonal dynamics

The sensitivity of the L-band backscatter to forest at-
tributes is shown in Fig. 3 by the clear difference be-
tween the values registered in sparse and dense for-
ests. In sparse forests, the ground contribution was
dominant and the backscatter was mainly affected by
the dielectric properties of the forest floor. In dense
forests, the total forest backscatter was determined
by the volumetric effects in the forest canopy. The
level of power scattered back to the radar depended
mostly on the dielectric properties of the vegetation.

Table 4. Best RMSE (in m’/ha), relative RMSE (in %) and cor-
responding R? for the retrieval based on a single image.

RMSE Rel. RMSE  R? Date
Bolshe-1 61 56 0.71 Feb 97
Bolshe-2 86 39 0.52 Apr 97
Bolshe-3 95 51 0.35 Feb 97
Apr 97
Bolshe-4 71 43 0.7 Aug 98

Table 5. Best corrected RMSE (in m*/ha) and relative RMSE
(in %) for the multi-temporal combination of all images avail-
able at a forest compartment.

RMSE Rel. RMSE

Bolshe-1 57 51
Bolshe-2 74 33
Bolshe-3 87 46
Bolshe-4 63 39
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For unfrozen conditions (image numbers from 9
to 13) both in sparse and dense forests the backscat-
ter was found to be higher than for frozen conditions
(image numbers 1, 2, 4, 5 and 7). A frozen canopy
and a frozen ground scatter with less power because
the dielectric constant is much smaller. Moreover, an
incoming wave penetrates the canopy deeper and the
percentage of ground seen by the radar increases.
Similar results were reported in (Pulliainen, et al.
1999) using a set of JERS images for a Finnish for-
est and in (Rignot et al. 1994) where 35° incidence
angle AIRSAR data from Alaska showed an increase
of 6 dB from winter-frozen to spring conditions.

Although for unfrozen conditions the dynamic
range was larger than for frozen conditions, the vari-
ability of the measurements was stronger in the first
case. In sparse forests this was due to the strong sen-
sitivity of the backscatter to the growing stock vol-
ume, whereas in dense forests the sensitivity was
almost absent and the dispersion could be related to
inhomogeneity of the environmental conditions in
the area investigated (Fig. 4).

For unfrozen conditions two cases of rainfall at
acquisition were registered (images no. 12 and 13).
Surprisingly the backscatter was lower than for dry
conditions (images no. 9, 10 and 11) both in sparse
and in dense forests. For a test site in Sweden it was
shown that at similar environmental conditions rain
did not seem to affect the backscatter (Santoro, ef al.
2002a, Askne, et al. 2003). Hence, a possible expla-
nation could be the different processing methods
used for the calibration of images no. 12 and 13 with
respect to the others.

The only clear case of freezing was registered in
October 1996 (image no. 3). The backscatter in
sparse forests was closer to values measured for fro-
zen conditions, whereas dense forests still showed a
backscatter typical of unfrozen conditions. Probably
the fluids in the trees were still active but the mois-
ture in the ground had already turned to the solid
state.

Sigma nought [dB]
o]

5 6 7 8 9 10 11 12 13

Image number

Figure 3. Run of the backscatter coefficient in sparse forests,
i.e. with volumes below 50 m*/ha, (solid line) and in dense for-
ests, i.e. with volumes above 250 m*/ha, (dashed line).
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Figure 4. Distribution of backscatter as function of growing
stock volume for unfrozen (left) and frozen (right) conditions.

Thaw could be easily identified in April 1997
when the temperature had been above 0 °C for some
days before the acquisition (image no. 8). Compared
to the previous acquisition, the backscatter in-
creased, reaching a level typical of unfrozen condi-
tions. It is interesting to notice that, although images
no. 6 and 7 were acquired with an interval of two
days, the backscatter in particular in dense forests
showed different levels. The weather data reported
temperature around 0 °C and a decrease of the snow
layer at the first acquisition, after which the tempera-
ture dropped to —30 °C in one day. It can be argued
that for image no. 6, the wet conditions of the snow
on the trees and on the ground contributed to the in-
crease of the backscatter. The large spread of the
measurements showed the spatial heterogeneities of
the snow conditions. Because of refreezing, the
backscatter registered at the second acquisition had
returned to values typical of frozen conditions.

6.3 Backscatter modeling

The estimates of the two model parameters unknown
in Equation (4) coincided with the backscatter values
reported in Fig. 3. The model-based curves obtained
from using a constant £ did not differ significantly
from the one determined assuming three unknown
parameters in the model. Discrepancies were found
only in cases of changing weather conditions
(snowmelt or rainfall), thus confirming the results
presented in (Askne, et al. 2003) at another boreal
test site.

The accuracy of the two backscatter coefficients

o and aowg was much bigger than for the coeffi-
cient . The uncertainty in the estimates of f was
particularly relevant when the growing stock vol-
umes used for training were not uniformly distrib-
uted in the interval of values typical for the area.
This was mostly a consequence of the fact that the
percentage of stands in the interval of volumes
where commonly saturation of the signal at L-band
occurs (i.e. between 50 and 150 m*/ha) was small.
On one hand this allowed the use of constant
$=0.004, because it was a value that performed as
good as many others, on the other hand it did not
permit to state whether such value is the most cor-
rect to be used.
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6.4 Growing stock volume retrieval

Retrieval of growing stock volume depended on the
seasonal conditions and on the accuracy of the
model training.

Frozen conditions were found to be the less suit-
able for the retrieval because of the reduced sensitiv-
ity to forest properties and the saturation occurring
at very low stem volumes. Periods of thaw and
freezing were characterised by strong sensitivity up
to approximately 150-200 m*/ha, after which satura-
tion set in, thus decreasing the accuracy of the re-
trieval. Similar results were obtained for unfrozen
conditions in case of rainfall. Dry-unfrozen condi-
tions seemed to be the most suitable for the retrieval.
We did not notice saturation in the intervals of grow-
ing stock volumes given in the database (i.e. up to
400 m’/ha), although the large dispersion of the
measurements in dense forests introduced relevant
errors in the growing stock volume estimates.

In absolute terms the best accuracy was obtained
at dry-unfrozen conditions in Bolshe-1. Cases of
changing weather conditions were found to be rea-
sonable as well (see Table 4 for Bolshe-4). The un-
suitable weather conditions for retrieval and the
rather high stem volumes at Bolshe-2 explained the
large RMS error. Although the weather conditions
were the same when images were acquired over Bol-
she-1 and Bolshe-3, worse results were obtained at
the second compartment because of the lack of
stands up to 100 m’/ha. This affected the model
training negatively and therefore the accuracy of the
inversion.

When comparing retrieval accuracies, the values
obtained at Bolshe-2 and Bolshe-4 were lower than
at Bolshe-1 because of the different distribution of
stem volumes at each compartment (see Table 4).
Compared to the best accuracy obtained at the
Swedish test site of Kéttbole (25 %), the error in Si-
beria was higher probably because of the much lar-
ger area investigated in this study and the inaccurate
in situ measurements (Santoro, e al. 2002a, Askne,
et al. 2003). Moreover, the effect of different man-
agements systems should be taken into account.

Using a multi-temporal combination of single-
image estimates, the amount of images used did not
seem to be relevant. The values reported in Table 5
corrected for a conservative and approximate error
in the ground-truth data showed that it is possible to
obtain estimates of growing stock volume compara-
ble to the values obtained using the traditional in-
ventory method in the region of Bolshe-Murtinsky.
In particular the accuracy of the retrieval is high up
to 200 m’/ha, suffering from errors in very dense
forests.

7 CONCLUSIONS

In this paper we have shown how seasonal condi-
tions, topographic effects, ground-truth reference
data and a model-based approach affect the retrieval
of growing stock volume at four forest compart-
ments in Siberia using JERS L-band backscatter
measurements at stand level.

Topography does not seem to influence the back-
scatter in dense forested areas, because of the strong
volume scattering. Even in sparse forests, where the
ground contribution is stronger, a topographic cor-
rection did not seem necessary. The unavailability of
an accurate DEM limits the conclusions to the true
effect of the topography on the backscatter.

In Siberia the strong seasonal differences are
shown by the backscatter both in dense and in sparse
forests. The dielectric properties of the ground and
the vegetation are the main causes of the backscatter
level. At frozen conditions the backscatter is lower
than at unfrozen conditions. Intermediate levels are
observed in cases of thaw and freezing. The dynamic
range is larger for unfrozen conditions, which sug-
gests that images acquired in spring and in summer
are more suitable for forest parameters estimation.
Nevertheless it must be taken into account that spa-
tial heterogeneities within the imaged scene can
cause large dispersion of the backscatter, thus reduc-
ing the estimation accuracy.

Backscatter modelling by means of the Water
Cloud Model has shown the importance of the
ground-truth data. These must be accurate and uni-
formly distributed in the range of growing stock
volumes typical for the area under investigation.
Large errors and strong uncertainty affect the model
parameters especially in training sets lacking stands
with volumes around the saturation level at L-band.

Model-based retrieval of growing stock volume
performs best at unfrozen conditions, being mainly
influenced by spatial heterogeneities of the backscat-
ter. When weather changes occur (thaw, freeze and
rainfall), although there is high sensitivity for low
volumes, saturation in dense forests limits the re-
trieval accuracy. Frozen conditions are the least suit-
able for the inversion. With a multi-temporal combi-
nation the estimation error decreases, but still the
effects of the weather conditions are considerable.

Results are slightly worse than those obtained at a
small Swedish test site, from which accurate in situ
measurements were available. This is mainly due to
the size of the area investigated and to the inaccu-
racy of the ground-truth data. Nevertheless the re-
trieval accuracy can be considered reasonable, thus
showing the consistency of L-band backscatter
measurements for the retrieval of forest stem volume
in the whole boreal belt. This can be considered an
important benchmark for the forthcoming ALOS
satellite, which will carry a fully polarimetric L-
band sensor onboard.
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