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Abstract—A set of ERS-1 SAR images along with airborne non-
imaging ranging scatterometer (HUTSCAT) measurements andin
situ surveys has been obtained from the Sodankylä test site (center
latitude = 67.41��� N, center longitude= 26.58��� E) in Northern
Finland. A total of five measurement campaigns were organized
during 1991–1993. Nineteen test lines have been selected from
the test site to represent different land-use catogories. The land-
use in the test area consists of open areas (agricultural fields,
bogs, and clear-cut areas) and sparsely forested areas (mires,
pine, and mixed forests). Microwave signatures representing the
test lines have been extracted from ERS-1 SAR images and
HUTSCAT measurements. The behavior of these signatures has
been compared with each other and with our boreal forest
semiempirical backscattering model. A set of extensive field
measurements (snow depth, density, wetness, coverage, and snow
water equivalent) made on the test lines are used in the various
analyzes.

The results indicate that the behavior of ERS-1 SAR microwave
signatures is similar to that of HUTSCAT even in the presence of
forest canopies. Also, the deviations of microwave signatures for
various land-use classes behave similarly. This allows us to use
the boreal forest semiempirical backscattering model based on
HUTSCAT data to divide the ERS-1 backscattering signal into
two contributions: 1) backscattering contribution from the top
layer of vegetation canopy and 2) backscattering contribution
from the canopy, ground, and ground–canopy reflections. By
using the boreal forest semiempirical model, the behavior of
these contributions is also observed in various soil conditions
(wet ground, frozen ground, dry snow, and wet snow). These
results explain some aspects of the boreal forest backscattering
mechanism in the presence of snow cover and wet soil, which
have not been experimentally investigated before.

Index Terms—Forest SAR, scatterometer, snow.

I. INTRODUCTION

M ICROWAVE remote sensing has became a valuable tool
in snow and forest studies due to its unique capability

for acquiring data of glaciological conditions over large areas
almost independent of light and weather conditions. The use
of synthetic aperture radars (SAR’s) in snow studies allows a
spatial resolution comparable to that of optical instruments,
and based on recent research results, it allows snow-free
ground to be separated from wet snow, which is very important
information when the snow melt is monitored [1]–[3].
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Airborne or ground-based scatterometers are often used to
make reference measurements for spaceborne radars. With air-
borne or ground-based radars, the measurement conditions can
be better controlled than in the case of spaceborne radars. By
employing an airborne or ground-based radar and comparing
the results with spaceborne radar, the following can occur:

1) more exact understanding of the backscattering from
snow and vegetation can be obtained;

2) better theoretical and semiempirical models can be val-
idated/developed;

3) new research techniques can be learned.

Controlled airborne and tower-based measurements have aided
the analysis of spaceborne measurements and development of
new spaceborne remote-sensing instruments [4], [5].

In this study, a comparison of results by helicopter-borne
nonimaging ranging C-band scatterometer (HUTSCAT) and
ERS-1 SAR is conducted. All measurements have been con-
ducted in controlled conditions, and extensive information has
been collected on the ground snow layer and vegetation. The
conditions include the following:

1) snow-free wet ground (and forest canopy);
2) snow-free frozen ground;
3) dry snow
4) wet snow;
5) partially melted wet snow.

By employing the semiempirical boreal forest backscattering
model and scatterometer data, a novel method for analyzing the
effect of different backscattering mechanism of ERS-1 SAR
is introduced.

II. TEST LINE AND DATA DESCRIPTION

A. Test Lines

Our test site is located in Northern Finland around the town
of Sodankyl̈a (latitude 67.41N, longitude 26.58 E). The land
use of the test site consists of sparsely forested areas (pine,
mixed forest, and mires) and open areas (bogs, lakes, clear-
cut areas, and fields). From the test site, a total of 19 test lines
with a total length of over 9 km were selected for airborne and
ground truth measurements. All test lines are situated along the
roads (about 50 m off road) to allow good access for ground
truth measurements. Also, the navigation is easier for airborne
measurements because the helicopter can fly over the side of
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TABLE I
DESCRIPTION OF THESODANKYL Ä TEST LINES

the road while the radar is measuring the test line (not in the
case of water and open bog). The topography of the Sodankylä
test site is dominantly quite smooth, and there are no major
elevation differences nor steep slopes in the test lines. Most
of the test lines were localized using GPS and the remaining
by the aid of a 1 : 20 000 topographic map. The test lines are
described in more detail in Table I. The properties of the forest
canopies along the test site were measured, including the tree
species, stem number, stem diameter, average height, and stem
volume [6]. During the airborne campaigns, several ground
truth measurements were conducted along the test lines.

B. ERS-1 SAR and HUTSCAT Data Set

The ERS-1 synthetic aperture radar (SAR) data set consists
of five SAR images, listed in Table II(a). The original SAR
images, delivered in PRI format by ESA, were rectified
and geocoded by the Technical Research Center of Finland
(VTT). This was performed using the geocoding algorithm
that applies a digital elevation model [7]. The geocoding was
performed by applying the polynomial rectification method.
The preprocessing algorithm corrects the errors caused by
topography, but no radiometric corrections are applied to the
images. The preprocessed images include three channels for
every acquired SAR image, and the pixel size is undersampled
(block averaged) to 25-m 25-m resolution. The first channel
represents the rectified SAR image. The second channel gives
the local angle of incidence for every pixel, and the third
channel indicates the size of the pixel in percent, in which
100% refers to the pixel size of 25 m 25 m.

The HUTSCAT data set consists of backscattering coeffi-
cients along each test line. In addition to the total backscat-
tering coefficients, the ground and canopy backscattering co-
efficients were also determined for forested test lines. The
HUTSCAT data set is listed in Table II(b). The backscattering
coefficients were measured at an incidence angle of 23and
they are absolutely calibrated (to show the absolute value of

). The spacing of backscattering coefficients on the ground
is about 1.5 m, and the diameter of the illuminated area on the
ground is less than 15 m. The test lines were identified with the
aid of video imagery and flags in both ends of the test lines.
For comparison with ERS-1 SAR backscattering coefficients
the HUTSCAT backscattering coefficients, were averaged into
25-m intervals.

TABLE II
(a) ERS-1 SAR DATA SET. (b) HUTSCAT DATA SET

(a)

(b)

The HUTSCAT instrument measures the target backscat-
tering properties as a function of range. In practice, the
forest canopy backscattering contribution and forest floor
backscattering contribution can be directly extracted from data
based on the range information [9], [12], [13].

C. Ground Truth

Weather conditions in the Sodankylä test area were obtained
from a weather station of the Finnish Meteorological Institute
located near the test area. Ground truth measurements were
conducted only when the test area was covered with snow.
Ground truth measurements included snow thickness, total
density, snow coverage, water equivalent, and snow density
and wetness as a function of depth. The snow density and
wetness profiles were measured with a snow fork instrument
[8]. The snow fork is a parallel-wire transmission line res-
onator. When the snow fork is pushed into snow, the real
part of the snow permittivity lowers the resonant frequency
and the imaginary part broadens the resonance curve, also
increasing the attenuation at the resonant frequency. The
density and wetness of snow were calculated from the mea-
sured complex permittivity with empirical formulas presented
in [11]. Weather and soil conditions on the measurement
days are shown in Table III together with the ground truth
measurements.

1) Snow-Free Wet Ground:September 1992 was very
rainy and the total precipitation before September 18 was
73 mm. On the measurement day (September 18, 1992), the
precipitation was 21 mm. The mean air temperature stayed
above zero, and on the measurement day, it was +6.9C. The
forest canopy and the soil were very wet, and the centers of
open bogs were like small lakes.

2) Snow-Free Frozen Ground:Four days before October
23, 1991, the mean daily air temperature turned below zero.
On the night before the measurement campaign the minimum
temperature was 15 C. During the period of October 19–22,
the total precipitation was 1.4 mm (snow). On October 23,
the ground was frozen and it was covered by a very thin dry
snow layer.
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TABLE III
OBSERVED WEATHER AND SOIL CONDITIONS ON SODANKYL Ä TEST LINES

3) Cold Midwinter Dry Snow Conditions:Before January
20, 1993, the air temperature has been below zero since
December 20, 1992. On January 20, the mean air temperature
was well below zero ( 12.4 C). During last 30 days the
total precipitation was 58 mm (snow). On January 20, 1993,
the snow water equivalent was about 30% above normal in
Lapland. The wetness of snow cover was not measured with
the snow fork, but the snow cover can be assumed to be
very dry, due to the long cold weather period before the
measurement campaign.

4) Wet (Melting) Snow Conditions:Since April 26, 1992,
the air temperature was above +0. On May 1, the mean air
temperature was +4.5C. During the night and morning of May
1, the precipitation was 5.4 mm (wet snow). On May 1, the
liquid water content of the snow pack was high due to warm
weather from April 26–30. During the period from April 30 to
May 1, the snow melt was estimated to be 8–16 mm. On April
30, the percentage of snow free areas in forests was 0% and on
May 1, it was about 0.5%. The water equivalent of the snow
pack on May 1 on open areas was estimated to be 16 mm less
and, in forests and forested bogs, 8 mm less than on April 30.

5) Partially Melt-Off Snow Conditions:The spring of
1993 was much like that of 1992. Since April 22, 1993,
the mean air temperature was above zero. On May 5, the
mean temperature was +2.7C, and on May 6, it was +4.2C.
From April 22–30, the precipitation was 4.4 mm. On May 5

TABLE IV
THE MAIN PARAMETERS OF HUTSCAT SCATTEROMETER [8], [9]

and 6, there was no rain. Most of the test lines were covered
by thick wet snow layer. The snow water equivalent varied
from 0–120 mm. The snow melt occurred, however, mostly
in open areas and sparsely forested areas (areas affected by
sunlight). These areas formed a mosaic of open wet ground
and wet snow. Using video imagery, the relative fraction of
snow was approximated by a hydrologist on the measurement
lines. The results are presented in Table III.

III. HUTSCAT INSTRUMENT AND

CALIBRATION CHARACTERISTICS

The HUTSCAT (Helsinki University of Technology Scat-
terometer) is a helicopter-borne, nonimaging FW-CW scat-
terometer operating simultaneously at frequencies 5.4 GHz
(C-band) and 9.8 GHz (X-band) and polarizations HH, VV,
HV, and VH. The main parameters of HUTSCAT are presented
in Table IV [9], [10]. The technical parameters at C-band
were selected to be comparable with those of ERS-1 SAR.
The range resolution of 0.68 m provides the means to iden-
tify backscattering sources within forest canopies. HUTSCAT
measures 18 backscattered power spectra at each channel per
second. Simultaneously with the backscattering measurements,
the target is recorded by a video camera. A typical flight
altitude is 100 m, and the flight speed is 25 m/s.

A. Calibration of HUTSCAT Measurements

HUTSCAT is calibrated both internally and externally to
eliminate short- and long-term variations in the level of the
backscattered power.

Internal calibration is conducted using a delay line, which
connects transmitted power to the receiver. Internal calibration
was always conducted after measurement of each test line. The
90% confidence interval of the internal calibration is±0.2 dB at
5.4 GHz. Uncertainty in internal calibration is mainly due the
uncertainty in the attenuation of the delay line as a function
of temperature.
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Fig. 1. Sodankyl̈a test lines plotted in an ERS-1 SAR image. The selection of ERS-1 SAR pixels used in the data comparison is made by using this mask.

External calibration is conducted with active radar cali-
brators (ARC’s) on open field. The ARC’s can be used to
calibrate both copolarizations and cross polarizations, and
their radar cross section can be easily adjusted. The external
calibration coefficients for each channel are mean values from
the calibration measurements conducted at several different
distances. The 90% confidence interval of the external cal-
ibration is about±0.4 dB at 5.4 GHz and VV-polarization.
Due to the modifications made to HUTSCAT, however, during
1991–1993, all measurements are not calibrated with the same
external calibration coefficients. The main modification was
changing of the 5.4-GHz antenna in the end of 1992. The
new antenna has better polarization isolation and smaller two-
way 3-dB beamwidth (see Table IV). The measurements that
were conducted in October 1991 and May 1992 are calibrated
with the same calibration coefficient; for September 1992,
a different value was employed. Also, for 1993, measure-
ment data-specific calibration coefficients were used for both
measurement dates.

The 90% confidence interval of the relative backscattering
coefficients is about±0.4 dB (this includes the error caused
by the accuracy of illumination integral). When comparing
relative backscattering coefficients of different measurement
dates to each other, however, this figure is valid only when
backscattering coefficients are calibrated with the same exter-
nal calibration, due to the inaccuracy of external calibration.
Absolute accuracy of HUTSCAT was estimated by comparing
HUTSCAT and ERS-1 SAR backscattering coefficients of
different land-use classes to each other. For all HUTSCAT
data, the mean difference was +0.6 dB (in average, the
HUTSCAT backscattering coefficient was 0.6 dB higher than
that from ERS-1 SAR) and the standard deviation was 1.2

dB. For HUTSCAT data representing a single day, the mean
difference varied from 0.8 to +2.0 dB and the standard
deviation from 0.5 to 1.2 dB, respectively. Relative accuracy of
(long-term repeatability) ERS-1 SAR is better than 0.4 dB (±
standard deviation) [20]. The difference between HUTSCAT
and ERS-1 SAR is illustrated in Fig. 2.

IV. COMPARISON OFERS-1AND HUTSCAT DATA SETS

The comparison was performed by averaging the HUTSCAT
data corresponding to ERS preprocessed data pixel size (25 m

25 m). The used ERS-1 pixels employed also included pixels
neighboring the test lines (the selected strips were five pixels
wide) to cover all errors caused by navigation and helicopter
unstability. The selection of ERS-1 pixels is shown in Fig. 1.
From Fig. 1, it can also be seen that the azimuth measurement
angle varies a lot for HUTSCAT measurements, while it is
constant for ERS measurements.

The backscattering coefficient was calculated for different
land-use classes based on the measurements made on the test
lines, i.e., the mean backscattering coefficient is the mean of
samples from different test lines belonging to the same land-
use class. The second parameter calculated is the standard
deviation of the backscattering coefficient that was divided
into two portions: 1) speckle and 2) texture variance.

A. Comparability

The backscattered intensity from a typical boreal forest
can be assumed to be exponentially distributed for a sin-
gle independent sample since the target consists of a large
number of scatterers that do not dominate over each other.
The HUTSCAT experiments conducted in this study and
previous studies [12] indicate that this assumption is valid
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in the case of boreal forests. It has been also shown in
[12] that the HUTSCAT-based total backscattering coefficient
calculated from the intensity values of different 0.6-m range
cells corresponds to , measured by an instrument having a
coarse range resolution, such as ERS-1 SAR.

Even though the backscattering coefficients (expected value
of the received power) measured with radars having different
resolution properties are equal, however, the standard devi-
ations are not. The standard deviation declines by the ratio
[15]

std (1)

where

expected value of the received power;
number of independent samples.

The standard deviation for decibel values is obtained from the
Taylor series of the received power at an interval of about

, which leads to [12]

std
std

(2)

and hence

std (3)

in which accuracy increases with increasing.
For a radar that measures the received power employing

discrete sampling, the number of independent samplesis
obtained from [15]

(4)

where

total number of samples from the target;
autocorrelation coefficients for the received power;
sample spacing.

For HUTSCAT, the number of independent samples per
a range profile consisting of samples is /2 [12]. Based
on this, the resulting number of independent samples for a
25-m resolution element varies from 90 (planar surface with
no vegetation) to 300–400 in (forested areas). The ERS-1
SAR images were processed into the PRI format, and they
had three looks, i.e., independent samples per original pixel
(12.5 m 12.5 m). The images were, however, rectified and
undersampled into 25-m 25-m resolution, and therefore,
the number of independent samples per pixel was unknown.
Because the value of was known in HUTSCAT measure-
ments, the approximation of texture variance was calculated
by applying the following formula, which can be retrieved by
applying (2) to formulas given in [17]:

dB

std
mean

(5)

where

(dB) standard deviation of texture;
mean mean of backscattering coefficients for a land-use

class;
std standard deviation of backscattering coefficients for

a land-use class;
number of independent samples.

The first attempt to solve the number of independent sam-
ples in the ERS-1 SAR image 25-m resolution cell was
performed by fitting a gamma distribution into the water and
forest test lines. The value for varied from three to five.
For the water class, it was slightly over three, and for forested
areas, it was close to five. Previous results indicated, however,
that the value should be close to four [18].

In the second approach, the effective number of independent
samples for a 25-m 25-m ERS resolution cell was solved
by calibrating the ERS SAR results by using HUTSCAT
texture variances (5). This was done by applying the following
equation:

(6)

where

standard deviation of HUTSCAT texture (5);
mean backscattering coefficient of HUTSCAT test
line;
standard deviation of ERS measurements;
mean backscattering coefficient of ERS test line.

The number of independent samples obtained by using this
second method showed to vary from 4.25–4.27 for water
and forested areas. By using a fixed value of 4.3 forand
(5), the texture variances were calculated for ERS-1 SAR.

B. Comparison

In the comparison of HUTSCAT and ERS-1 SAR data, the
mean backscattering coefficient was calculated for every land-
use class. These land-use classes were formed from one to
four test lines. The smallest number of pixels for an ERS-
1 SAR image was 53 to agricultural land (only one short
test line), while the average number of pixels varied from
100 to 300 (see Fig. 1). For HUTSCAT, each land-use class
always had more than 1000 samples. Therefore, the deviation
of ERS results is 1–2 dB higher than that of HUTSCAT
results. The HUTSCAT measurements were planned to allow
data acquisition simultaneously with the ERS-1 SAR. In four
cases, the time difference was within a few hours, but on
May 5, 1993, it was one day. The comparison of ERS-
1 SAR and HUTSCAT results is performed both using the
mean backscattering coefficients and texture variances for
each land-use class. The results for each case are discussed
below.

1) Snow-Free Wet Ground:Fig. 2(a) depicts the behavior
of ERS-1 SAR and HUTSCAT backscattering coefficients
under snow-free conditions. Both forest canopy and ground
are very wet due to the heavy rain, as can be seen from
Table III. The general backscattering level is also high due to
the very wet soil and forest canopy. The curves of ERS-1
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(a) (b)

(c) (d)

(e)

Fig. 2. Observed seasonal behavior of ERS-1 SAR and HUTSCAT backscattering coefficients for various land-use classes: (a) September 19, 1992, wet
ground; (b) October 23, 1991, frozen ground; (c) January 20, 1993, dry snow; (d) May 1, 1992, wet snow; (e) May 5, 1993, a mosaic of wet snow and wet ground.
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SAR and HUTSCAT follow each other throughout all land-use
classes; however, HUTSCAT gives generally 1–2 dB higher
values. Only a marginal correlation between the backscattering
coefficient and forest stem volume can be noticed because
both the forest canopy and ground were very wet. At the time
of airborne measurements and acquisition of the SAR image,
there was no wind and the water was quite calm, which causes
a mirror-like reflection for the radar pulse and can be seen
as low backscatter. The open bog shows low backscattering
because the center of the bog is totally under water and it
behaves like a bond.

2) Snow-Free Frozen Ground:Fig. 2(b) represents the sit-
uation when the ground is frozen. The total backscattering
level is remarkably lower than in Fig. 2(a) due to the low
backscattering contribution from the frozen ground. Also, in
this case, the backscattering curves of ERS-1 and HUTSCAT
follow each other relatively closely except for open bog. The
difference between the open bog backscattering coefficients is
most likely due to the different look direction. HUTSCAT has
a clear correlation between the stem volume and backscattering
coefficient, which is not the case for ERS-1 SAR-derived
results. The ERS results indicate almost no difference in the
mean values as a function of stem volume.

3) Cold Midwinter Dry Snow Conditions:Fig. 2(c) shows
the HUTSCAT and ERS-1 SAR-derived in cold midwinter
conditions. The test lines are covered by a thick snow layer,
and the temperature has been well below zero for a long
time. Therefore, the forest canopy is most likely frozen. The
results show a higher total backscattering level than in the
case of frozen snow-free ground. This is caused by increased
volume scattering inside the snowpack. The general behavior
of the backscattering curves for both instruments follow each
other closely. For nonforested areas, HUTSCAT shows greater
values, while for forested areas,-values of both instruments
are close to each other.

4) Wet (Melting) Snow Conditions:Fig 2(d) plots the
backscattering behavior of HUTSCAT and ERS-1 SAR data
in early spring condition. The air temperature is in the daytime
above zero, and the snow cover is wet. Although the snow
melt period has already begun, the whole test site is covered by
a thick, wet snow layer. The general backscattering coefficient
is low for nonforested areas due to the high absorption caused
by wet snow and low backscatter due to specular reflection
on wet snow surface. Therefore, the increase in the stem
volume can be identified both from ERS and HUTSCAT data
as a rise of the backscattering level. The correlation between
HUTSCAT and ERS results is not as strong as in Fig. 2(a)–(c).
In the extreme cases, the difference is about 2 dB. For open
bog and water, ERS-1 shows values much lower than those
by HUTSCAT. We can explain this result due to the fact that
both of these areas consisted of large open spots where it was
impossible to place any measurement line identifiers. In these
cases, the exact flypath of the HUTSCAT is not necessarily
the same as that in the ERS-1 SAR measurements.

5) Partially Melt-Off Snow Conditions:Fig. 2(e) shows
the ERS-1 and HUTSCAT signatures for a situation in which
the snow has melted in some areas (open and sparsely forested
areas affected by sunlight) forming a mosaic of snow-free

(a)

(b)

Fig. 3. Comparison of texture variances between: (a) ERS-1 SAR and (b)
HUTSCAT for various ground conditions.

ground and snow. This can be easily seen as an increased
level of backscattering for open areas when compared to
Fig. 2(d). Although the ERS-1 SAR image was acquired one
day before the HUTSCAT measurements took place the results
follow each other extremely closely. The correlation between
stem volume and can be seen but it is not as strong as
in Fig. 2(d) due to the fact that 95% of the forest floor was
covered by a wet snow layer in contrast to open areas (see
Table III).

6) HUTSCAT and ERS-1 SAR Texture Variances for Various
Land-Use Classes:Fig. 3(b) depicts the texture variances of
HUTSCAT data for various land-use classes; the correspond-
ing ERS-1 SAR texture variances are plotted in Fig. 3(a).
The texture variances for ERS-1 SAR have a much greater
deviation than in the case of HUTSCAT texture variances. This
is directly related to the fact that a HUTSCAT sample consisted
of about 20 independent samples, while in case of ERS, there
were only four independent samples. In the case of both ERS
and HUTSCAT, however, the mean of the five situations of
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each land-use class was close to each other. Generally, the
greatest-observed seasonal deviation is for water, bog, and
gravel classes due to the unstable nature of these classes.
For both sensors, the amount of texture variance generally
decreases as a function of stem volume.

V. COMPARISON OFREMOTELY SENSED DATA WITH THE

BOREAL FOREST SEMIEMPIRICAL BACKSCATTERING MODEL

This section presents the comparison of experimental air-
borne and spaceborne data from the Sodankylä test lines with
the semiempirical forest backscattering model. The compar-
isons are carried out for all of the following five seasonal
conditions:

1) snow-free wet ground;
2) snow-free frozen ground;
3) cold midwinter dry snow conditions;
4) wet (melting) snow conditions;
5) partially melt-off snow conditions.

The goal was to find out how the backscattering contribu-
tions from the forest canopy and forest floor, as well as
the total backscatter (measured by the ERS-1 SAR), change
with varying conditions and how the instrument response to
forest biomass varies. Moreover, the results can be used for
evaluating the applicability of the employed backscattering
model.

The comparisons conducted benefit from the HUTSCAT’s
ability to distinguish the forest floor backscattering contribu-
tion from that originating from the forest canopy. Hence, the
HUTSCAT data can be directly compared with the semiem-
pirical forest backscattering model, which predicts the levels
of forest canopy backscatter, forest canopy transmissivity, and
forest floor backscatter, as discussed in [12] and [13].

The semiempirical forest backscattering model describes the
backscattering coefficient () as a function of forest stem
volume (or biomass), vegetation moisture, and soil moisture
(or as a function of vegetation/soil dielectric properties). Since
the Sodankyl¨a test lines include various stem volume and land
type classes, it was possible to carry out the comparisons as
a function of stem volume. Even though the model does not
include the effect of snowpack properties, it is possible to
employ it for snow-covered ground conditions. This is due
to the fact that the snow-covered terrain can be considered
with adequate accuracy as a forest floor layer with a constant

(independent on forest stem volume) for a certain single
temporal measurement event.

A. Semiempirical Forest Backscattering Model

The semiempirical forest backscattering model has been
originally developed by using C- and X-band HUTSCAT
measurements for the conifer-dominated Teijo test area located
in southern Finland (800 km south of the Sodankylä test site)
[12]. These ranging scatterometer data enabled modeling of
the various forest backscattering contributions as a function of
forest biomass (stem volume). In addition to HUTSCAT data,
the modeling approach was developed using well-known the-
oretical and semiempirical formulas to incorporate the effects
of varying parameters (soil and vegetation moisture) and the

effect of incidence angle [14]–[16]. The (total) backscattering
coefficient of forest can be presented as a sum of two
contributions

(7)

where

backscattering coefficient of the tree (forest) canopy;
backscattering contribution from the ground (forest
floor);
two-way tree canopy transmissivity.

The two sum terms of (7) can be directly distinguished from
HUTSCAT results. Moreover, by analyzing a large data set
obtained for various stem volume classes, the behavior of
as a function of stem volume and the level of can be esti-
mated (the contribution also includes the effects of surface
vegetation and trunk–ground reflections, but their magnitude
is small for C-band VV-polarization) [12]. When this model
is used for analyzing ERS-1 SAR data, the calibration bias
between ERS-1 data and model should also be taken into
account

dB dB dB (8)

This bias is equivalent to the observed difference between
ERS-1 SAR data and original calibrated HUTSCAT data used
for model development.

The main point in the model development is recognition of
the fact that, in the case of conifer-dominated boreal forests,
the volume scattering coefficient of forest canopy is constant
as a function of the forest stem volume (biomass), but not
constant as a function of tree height. Hence, the backscattering
contribution from forest canopy ( ) can be presented as [12]
and [13]

(9)

and

(10)

where

empirical coefficient for canopy backscatter (
ha/m ;

empirical coefficient for canopy extinction (
ha/m );

forest stem volume [m/ha];
angle of incidence;
23 reference angle of incidence (used in the Teijo
HUTSCAT experiments).

The values for parameters and correspond to dry
summer conditions under which the original Teijo data were
collected. The values of these parameters change according
to variations in vegetation dielectric properties, which are
primarily dependent on volumetric moisture under nonfrozen
conditions. The outcome is that can be assumed to be
linearly related to changes in the canopy volumetric moisture
(total volumetric water content), and is proportional to the
square of changes in the canopy volumetric moisture, respec-
tively (cloud model with scatterers distributed in size) [15],
[16]. Similarly, the variations in the forest floor backscatter
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(a) (b)

Fig. 4. Observed seasonal behavior of HUTSCAT-derived total backscatter�0 and backscattering contributions in the Sodankylä test lines compared with
test line-wise-processed ERS-1 SAR data and the semiempirical forest backscattering model. The test lines are grouped according to forest stem volume
(biomass), and the modeled values are shown as a function of forest biomass. The model is fitted into HUTSCAT-derived backscattering contributions ofthree
conifer-dominated stem volume classes (V = 19, 85, and 136 m3/ha) using the effective equivalent volumetric soil and vegetation moisture as optimized
parameters. (a) September 18, 1992, wet soil conditions. (b) October 23, 1991, frozen ground conditions.

are related to changes in the volumetric soil moisture, and they
are modeled by formulas given in [14] and [15]. Note that the
model assumes the behavior of and contributions to
correlate as a function of forest stem volume (is a function
of stem volume, is a function of , and is a constant
as a function of stem volume).

In the case of frozen vegetation or frozen ground, the
backscattering contributions from the forest canopy and forest
floor are obviously not dependent on liquid water, but on the
dielectric characteristics of frozen medium (water is replaced
by ice causing a drastic decrease in the permittivity [13]). The
lower the temperature is (below the freezing point), the larger
the portion of water is frozen, and hence, the dielectric constant
as well as the level of backscatter decreases, approaching
values comparable to those for very dry soil or dry vegetation.
Snow cover causes a more complicated behavior pattern:
wet snow may decrease the level of backscatter significantly,
resulting in values equivalent to those for very dry soil,
whereas a thick dry snow cover may produce high backscatter
values due to volume scattering within the layer [13].

B. Comparison Between the Model and Experimental Data

The aim in the comparisons was to find out under vary-
ing seasonal conditions: 1) how the level of backscattering
contributions ( and ) varies, 2) which contribution
dominates , and 3) how the responses to forest biomass
change. The following comparisons were carried out for all
five measurement dates and for four land cover/stem volume
classes, as introduced in Table I:

1) clear-cut areas ( m /ha);
2) conifer-dominated forests with low biomass (average

m /ha 11 tons/ha);
3) conifer-dominated forests with moderate biomass (aver-

age m /ha 51 tons/ha);

4) mixed forests with high biomass (average
m /ha 72 tons/ha);

5) conifer-dominated forests with high biomass (average
m /ha 81 tons/ha).

Fig. 4 presents the seasonal behavior of: 1) ERS-1-based
, 2) HUTSCAT-derived , and , and 3) modeled

forest backscattering contributions. The results are depicted
for each measurement date as a function of forest stem
volume. The model-based results are obtained by fitting the
model into HUTSCAT-derived backscattering contributions of
three conifer-dominated (pine) forest classes (land cover/stem
volume classes 2, 3, and 5). The model fitting was performed
for decibel-values by adjusting two parameters: the volumetric
forest (tree) canopy moisture and the volumetric soil
moisture . Under frozen ground or snow cover conditions,
these parameters do not give the real volumetric water (ice)
content of the medium but, rather, an equivalent moisture value
that would produce the observed level of backscatter under
nonfrozen conditions (16C temperature). The likelihood of
frozen top soil is high as % [12], and the tree
canopy is probably at least partially frozen as %
(this latter criterion is only based on reported values of conifer
moisture variations [19] and is more hypothetical than the soil
frost criterion). The volumetric moisture estimates obtained for
different seasonal conditions are also depicted in Fig. 4. The
soil moisture is estimated from the forest floor backscattering
contribution, and the canopy moisture is estimated from the
forest canopy backscattering contribution.

The calibration characteristics of ERS-1 SAR overcome
those of the HUTSCAT instrument, especially in terms of
long-term repeatability, which is very high for ERS-1 SAR
[20]. Hence, the average absolute level of HUTSCAT-derived

of each measurement date was set to be equal to that of
ERS-1 observations (the three classes representing conifer-
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(c) (d)

(e)

Fig. 4. (Continued).Observed seasonal behavior of HUTSCAT-derived total backscatter�0 and backscattering contributions in the Sodankylä test lines
compared with test line-wise-processed ERS-1 SAR data and the semiempirical forest backscattering model. The test lines are grouped according to forest stem
volume (biomass), and the modeled values are shown as a function of forest biomass. The model is fitted into HUTSCAT-derived backscattering contributions
of three conifer-dominated stem volume classes (V = 19, 85, and 136 m3/ha) using the effective equivalent volumetric soil and vegetation moisture as
optimized parameters. (c) January 20, 1993, dry snow conditions. (d) May 1, 1992, wet snow conditions. (e) May 5–6, 1993, wet snow/soil conditions.

dominated forests were taken into account in the determination
of calibration constants). By doing this, the absolute levels
of all experimental contributions of different measurement
dates were made to be comparable with each other.

1) Snow-Free Wet Ground:Fig. 4(a) depicts the results for
snow-free wet ground (September 18, 1992). Both ERS-1 SAR
and HUTSCAT data indicate that the response ofto forest
biomass is constant, which is a typical phenomenon for wet
soil conditions [13]. The model fitting suggests a relatively
high value for the soil moisture: %. This value
appears to be quite realistic, according to weather statistics
(the soil moisture was not measured during the measurement
campaign). The estimate for forest canopy moisture (

%) is a somewhat higher value than typical values for dry

summer conditions [the nominal model parameters given in
(9) are supposed to correspond to conditions %].
The obtained value is, however, realistic for wet conditions
under which the measurements were carried out. In general,
the model appears to agree very well with the observations.
HUTSCAT observations ( , and ) for three stem
volume classes ( 19, 85, and 136 m/ha) were used in
the model fitting.

2) Snow-Free Frozen Ground:Fig. 4(b) shows the behav-
ior of contributions under frozen ground conditions. In this
case, the level of soil backscatter is extremely low. Thus,
the equivalent soil moisture value obtained is only
3.4%. The canopy moisture estimate is also quite low
(43%), indicating a partially frozen tree cover. Since both
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backscattering contributions ( and ) have a low level,
the total backscatter is 3–4 dB below the values obtained
under wet unfrozen soil conditions [Fig. 4(a)].

The backscatter decrease is the most drastic in the forest
floor backscattering contribution. Hence, the contribution
overcomes the contribution at a lower level of stem
volume (90 m/ha) than in the case of unfrozen soil (130
m /ha). HUTSCAT data and model fitting show a response to
the forest stem volume somewhat different than from ERS-1
SAR data. Moreover, the model does not fit into HUTSCAT
observations as well as in Fig. 4(a).

3) Cold Midwinter Dry Snow Conditions:Midwinter dry
snow conditions are presented in Fig. 4(c). In this case, the
backscattering contribution originating from forest floor
(thick dry snow layer, refer to Table III) is extremely high
compared with forest canopy backscattering contribution.
The tree canopy is obviously about totally frozen since the air
temperature was 24 C on the measurement date and showed
values well below 10 C for several weeks. Therefore, the
equivalent forest canopy moisture value shows that the lowest
observed value (41%) is as low as 33%. The total level of
backscatter, is the highest observed due to the strong
backscatter originating from thick snow layer.

The HUTSCAT-based and ERS-1 SAR-derived-values
shown in Fig. 3(c) agree with each other well except for clear-
cut areas. The model-based curve for forest floor backscatter-
ing contribution, however, differs slightly from HUTSCAT ob-
servations. In contrast to that, the HUTSCAT-derived canopy
backscattering contribution values agree very well with the
semiempirical forest backscattering model.

4) Wet (Melting) Snow Conditions:The results for wet
snow conditions are presented in Fig. 4(d). In this case, the
ERS-1 SAR observations, HUTSCAT data, and model fittings
agree considerably well for conifer-dominated test lines (stem
volume classes: 19, 85, and 136 m/ha). The HUTSCAT
data for clear-cut areas and mixed forests, however, show an
anomalous behavior compared with the model and SAR data.
The correlation of with the stem volume is slightly positive
and the level of for low stem volumes is 3–4 dB lower
than for dry snow cover [Fig. 4(c)], whereas at high stem
volumes, this observed difference is slightly smaller (2.5–3
dB). This is obviously due to the fact that the -value is
relatively high in the case of wet snow conditions, indicating
nonfrozen forest canopy.

5) Partial Melt-Off Snow Conditions:The results for par-
tial melt-off snow conditions depicted in Fig. 4(e) do not differ
considerably from the results of wet snow cover shown in
Fig. 4(d). The major difference is that the canopy backscatter

has a lower level, which indicates that the tree canopy may
either be 1) dryer than in the case of wet snow cover, in which
considerable precipitation has occurred or 2) partially frozen.
The behavior for clear-cut test lines is also different from that
of Fig. 4(d). In Fig. 4(e), the HUTSCAT observations of clear-
cut areas show values significantly higher than those suggested
by the model. A probable reason is that the snow melts off
first in open areas and the snow-free ground causes a stronger
backscatter than wet snow (the model fitting was conducted
using the three conifer-dominated test line classes). The ERS-1

SAR measurements for clear-cut areas also show a lower level
of backscatter than the HUTSCAT data. This may be due to
the fact that the ERS-1 data acquisition occurred this time,
exceptionally, one day prior to HUTSCAT measurements, and
hence, the snow conditions may have changed.

The results for mixed forests in Fig. 2(e) differ from those of
conifer-dominated test lines, similarly as in Fig. 4(e), i.e., the
forest canopy backscattering contribution has a lower level
than what the model fitting according the data from conifer-
dominated test lines suggested. A probable reason for this is
that the deciduous trees do not have leaves on while the conifer
trees have most of their needles throughout the year.

VI. CONCLUSIONS

Several studies have proven the usefulness of tower-based
and airborne measurements to model spaceborne measure-
ments. Throughout these experiments, new knowledge has
been gathered about the microwave interaction with natural
targets and novel methods to use spaceborne data have been
developed. In this study, emphasis was placed on comparing
the microwave signature of ranging scatterometer HUTSCAT
and spaceborne SAR. The results indicate the following:

1) behavior of ERS-1 SAR and HUTSCAT backscattering
coefficients is similar for various land-use classes and
seasonal conditions;

2) texture variance of both instruments follow each other
closely;

3) semiempirical boreal forest backscattering model has
been validated to function well for different seasonal
conditions and both for southern boreal forests (Teijo
area) and for northern boreal forests (Sodankylä area);

4) help of semiempirical model and HUTSCAT data has
made possible the quantitative clarification of how dif-
ferent scattering mechanisms affect the ERS-1 SAR data
for different seasonal conditions and for different forest
canopies.

By applying the methods used throughout this study, it is
possible to divide the ERS-1 SAR backscattering coefficient
into canopy and ground contributions. Due to the wide validity
of the boreal forest semiempirical backscattering model, the
HUTSCAT results can be applied statistically to various boreal
forests. This allows us to more exactly analyze the backscat-
tering portion caused by forest ground layer, and therefore, it
can be used to derive more accurate snow parameters in the
forested areas.
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