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ABSTRACT: Data from the Global Boreal Forest Mapping Project, GBFM, 1997-1998 and from EMAC-95 
have been used to study properties of L-band estimates of stem volume from a test site in the southern boreal 
forest belt. Nine JERS-1 acquisitions together with airborne EMISAR observations were used. The observa-
tions are from Kättböle, Sweden (60°N 17°E) from which an accurate in situ data set exists. The area is domi-
nated by typical boreal coniferous species and consists of forest stands with stem volumes up to 350 m

3
/ha i.e. 

above ground, dry biomass up to 210 tons/ha. By means of a multi-temporal combination of the JERS-1 ac-
quisitions the stem volume is retrieved with a relative error of 20-25 % after correction for the estimated in-
fluence of the errors in the in-situ estimates. The airborne L-band EMISAR data were found to give a relative 
error of 23% for HH polarization. The sensitivity to temperature and precipitation of the JERS-1 backscatter 
was also investigated as well as the temporal stability of the observations. We conclude that L-band observa-
tions can provide observations with accuracy comparable to in situ measurements. 

1 INTRODUCTION

For environmental as well as forest management rea-
sons there is an increasing need for mapping 
changes in forest biomass accurately. If satellites can 
provide sufficiently accurate estimates of above 
ground biomass, they can be particularly useful due 
to the large area coverage. We have related the ob-
servations to the stem volume, V measured in m

3
/ha, 

of the forest stands, since this is one of the most im-
portant parameter in forest inventory. Stem volume 
is related the above ground dry biomass in tons/ha 
after a multiplication by a factor 0.6 (Häme et al., 
1992). The stem volume is the volume of the tree 
trunks including bark but excluding branches. It is 
determined by the trunk diameter measured at breast 
height (1.3 m), trunk height, and number of trunks 
per hectare.

To obtain high accuracy of stem volume by 
means of radar backscatter low frequency is neces-
sary. Only then we are sensitive to the branches and 
the trunk rather than to properties only indirectly 
coupled to stem volume. Very low frequencies used 
by the airborne CARABAS (20-90 MHz) have been 
shown to be able to estimate high stem volumes 
without tendency to saturation (Fransson et al., 
2000). In the future P-band may be used from space, 
but L-band is the lowest frequency for which we 

now have extensive experience and also interesting 
technical solutions planned for the future. C-band 
backscatter is not very useful for estimates of boreal 
forest attributes, but interferometric observations, 
which are sensitive in another manner than backscat-
ter observations to stem volume and have been 
shown to provide very high biomass accuracy at C-
band for some specific conditions (Santoro et al., 
2002).

An important aspect of cloud independent mi-
crowave remote sensing is the potential for multi-
temporal observations with increased accuracy of 
biomass estimates. However, there seems to be an 
increased sensitivity with frequency to weather ef-
fects influencing the backscatter and the coherence. 
Therefore it is important to investigate the temporal 
changes between different acquisitions.

Optical remote sensing has also been shown to 
provide high accuracy but it depends on cloud cover, 
which means that it is not possible to count on 
yearly coverage of an area. 

2 TEST SITE AND DATA 

All observations in this paper are from Kättböle, 
Sweden (60°N 17°E), located in the southern part of 
the boreal forest belt. The test site is 5.5 km

2
 in size 
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and a highly accurate in situ data set exists, see e.g. 
(Fransson et al., 2001). The area is dominated by 
typical boreal coniferous species, Scots pine (Pinus 
sylvestris) and Norway spruce (Picea abies), but 
some broad-leaf trees are also present, the common-
est being birch (Betula pendula). Till is the dominat-
ing soil type. The topography is relatively flat, vary-
ing between 75 and 110 m above sea level. The area 
consists of 42 forest stands with sizes varying be-
tween 2 and 14 ha and stem volumes up to 350 
m

3
/ha i.e. above ground, dry biomass up to 210 

tons/ha. The mean stem volume is 135 m
3
/ha. 

Growth factors typical for the region have been used 
to relate the in situ observations to the dates of the 
acquisitions. 

During 1992-1998 JERS-1 produced a large data 
set of L-band SAR imagery (wavelength 23.5 cm), 
and the Global Boreal Forest Mapping Project, 
GBFM, 1997-1998 has provided an important data 
set for boreal forests. From the Kättböle forest estate 
we have nine acquisitions.

EMISAR is a fully polarimetric airborne C- and 
L-band SAR system developed at DCRS, Denmark 
Technical University. In July 1995 data acquisition 
took place over the NOPEX area (Halldin and Gryn-
ing, 1999) as part of the EMAC campaign organized 
by ESA.

Meteorological data from Sala, 30 km from 
Kättböle in the WSW direction, have been used. 

3 DATA PROPERTIES 

The JERS-1 InSAR processing was carried out using 
the ESA ISAR and the CNES DIAPASON software 
packages as well as internally developed software. 
For EMISAR internally developed software was 
used to determine the VV, VH, and HH backscatter 
values.

The backscatter and coherence were averaged 
over each forest stand and related to the stem vol-
ume. The observations are affected by meteorologi-
cal variations, by speckle (causing a standard error 
of the backscatter measurements between 0.2-0.4 
dB), and by uncertainties in the coherence values 
(standard error estimated to 0.03-0.07). The random 
variations mean that the relation between backscatter 
and stem volume for different acquisitions will vary 
to some part randomly. We have investigated this by 
determining the correlation (Pearson’s r) between 
the backscatter observations of the forest stands 
from the nine JERS-1 acquisitions (Askne et al., to 
be published). r is generally of the order of 0.8 (only 
in one case as low as 0.57). This means that stands 
with high backscatter in one image are likely to have 
high backscatter in a second image.  

The three EMISAR observations of the mean 
backscatter from the various forest stands at VV, 
VH, and HH also were quite well correlated with 

rHH,HV= 0.92, rHH,VV=0.81, and rVV,HV=0.94, which 
means that there may be a certain sensitivity for 
structural properties of the forest, but not very large. 
The correlations between the EMISAR HH observa-
tions from May 95 with the JERS-1 observations in 
May 96 and May 97 are 0.87 and 0.80 respectively. 
There is a calibration difference of ≈1 dB. 

4 MODEL FOR INVERSION OF 
OBSERVATIONS 

For the relation between observations and stem vol-
ume we will use the model approach which has been 
described as the Interferometric Water Cloud Model, 
IWCM, (Askne et al., 1995; Askne et al., 1997). 

4.1 Backscatter 

With the forest extinction depending on stem vol-
ume, V, as observed by scatterometer measurements 
(Pulliainen et al., 1994) we may write 

)1(000 V

veg

V

grfor ee ββ σσσ −− −+=  (1) 

The two-way forest transmissivity, β, is inter-
preted as caused not only by radiation going back 
and forth through the canopy, but also from radiation 
going through gaps of the canopy.

Eq. (1) only includes the direct backscatter from 
the ground and the volume scattering from the 
vegetation canopy. Other scattering terms may also 
add to the backscatter and in particular the dihedral 
trunk-ground term. This term may be expressed as 
(Pulliainen et al., 1999) 

V

trunk

ks

gtg eeNr βθ σσ −−=
2)cos2(0 2  (2) 

where N is the number density of trunks, rg the 
ground reflection, σtrunk the trunk backscatter, 
k=4π/λ, and s the surface RMS roughness. When 
surface roughness decreases or wavelength increases 
the importance of o

tgσ relative 0

grσ  increases. At 
VHF frequencies o

tgσ  dominates. The dihedral term 
is quite sensitive to the topography so with an in-
creased importance follows also a need to correct for 
the topography. In (Israelsson and Askne, 1994) it 
was concluded from the MAESTRO-1 campaign 
that the trunk-ground term has a negligible influence 
at L-band. A similar study could be made using 
EMISAR from Kättböle. In (Pulliainen et al., 1999) 
it was concluded that the trunk-ground term had a 
negligible influence at L-band for the surface condi-
tions typical for the boreal forest area. Since surface 
properties vary in different regions the trunk-ground 
term may well be relevant at L-band for some condi-
tions.

The "area fill", η cf. (Askne et al., 1995; Askne et 
al., 1997), is introduced, describing to what extent 
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the tree canopy with extinction factor α fills the 
resolution cell. We have 

)1(1 hV ee αβ η −− −=−  (3) 

4.2 Coherence

The expression for the complex forest coherence is 
given by

0

00 )1(

for

V

vegvegvolume

V

grgr

for

ee

σ
σγγσγ

γ
ββ −− −+

=  (4) 

where γgr and γveg describe the temporal decorrela-
tion of the independent ground and vegetation scat-
terers, while γvolume is the volume decorrelation 
caused by the difference in scattering volumes in the 
two observations 
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where Kz = 4πBn/(λRsinθ), Bn is the normal compo-
nent of the baseline, θ the incidence angle, λ the 
wavelength, and R the distance to the scatterers. 

)'(0 zvσ  denotes the volumetric backscattering coef-
ficient for the two passes (assumed to be equal), and 

)'(0 zveσ  is the volumetric backscattering coefficient 
for stable scatterers for the two passes. This means 
that the volume decorrelation is determined by α and 
not by the forest transmissivity β. For the forest 
height we use an allometric expression 

46.0)44.2()( VVhh ⋅==  (6) 

For further details about IWCM see also (Askne 
et al., to be published; Santoro et al., 2002). 

5 RESULTS FOR MODEL PARAMETERS 

The model for backscatter (1) includes three parame-
ters, σ°gr, σ°veg, and β. In order to determine correct 
estimates for the parameters we consider two regres-
sion approaches since the JERS-1 observations are 
relatively noisy. In the first case it was assumed that 
β is the same for all acquisitions. σ°gr and σ°veg were 
determined for each observation of the 42 stands for 
a range of β-values. Then the quadratic difference 
between observations and model predictions from 
(1) for all the observations was determined, and fi-
nally β was determined by minimizing the quadratic 
difference. Using this approach we obtained 
β=0.004 and the results for 0

vegσ , γgr and γveg are illus-
trated in Figure 1a and β in Figure 1b. 

β is related to the area fill η and the tree canopy 
attenuation α. At C-band α is relatively large and 
not influencing β very much, but at L-band this is 
not obvious. α is expected to be different for tem-
peratures  above and below the  freezing point and

also dependent on the canopy moisture. η on the 
other hand may also be partially dependent on envi 
ronmental factors. We may compare with an antenna 
surface consisting of a metallic (or dielectric) sur-
face with holes and we know that the transmissivity 
is related to the size of the holes measured in wave-
lengths and the dielectric properties. Both η and α
are simplified concepts determined by the variation 
of scattering properties in the horizontal and vertical 
directions.

In the second case it was assumed that β is vary-
ing and the results are illustrated in Figure 1. We 
conclude that there is a difference which could be re-
lated to the weather conditions. In Figure 1c the 
RMS errors between the model estimates and the 
observations are illustrated and it is shown that in 
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Figure 1. a) Variations of model parameters (squares for vegeta-
tion value, circles for ground value) describing JERS-1 backscat-
ter in dB over a period of approximately 500 days from the first 
acquisition on 1997-01-01, using β = 0.004 (solid curves) or β
varying. b) β, and c) the RMS error between model estimate and 
observations, solid line for β fixed, dotted line for β varying. 
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spite of certain differences in model parameters for 
the two approaches the fit between model and ob-
servations are almost equal. In case of differences 
between the model parameters we conclude that the 
values are relatively uncertain, cf. observations # 6 
and 7 regarding σveg, and # 5 - 7 concerning β.

From Figure 1 we see that the model parameters 
are stable over a large part of the year but not the 
winter period January – April. Then snowfall in 
combination with freezing and thawing complicates 
the scattering conditions and probably also the 
model assumptions. Then the model parameters have 
to be considered as mere regression factors.  

To study the sensitivity of model properties to 
weather related aspects, we have illustrated the sen-
sitivity of σ°veg and σ°gr to air temperature in Figure 
2 and we see an increase with temperature. The cor-
relation between the scattering coefficients and tem-
perature increases slightly if we use mean tempera-
tures over 12 hours preceding the acquisition. 

Figure 2. Backscatter in dB, σveg (x) and σgr (o), as function of 
temperature at acquisition. Left figure for case with β constant, 
and right figure for also β varying (one outlier from 1998-02-
17 excluded). We see similar behaviors in the two cases, i.e. an 
increase with temperature of the backscattering coefficients. 

For sensitivity to precipitation we have to use 
mean values over a certain period of time before the 
acquisition. In our case there was precipitation in 
four out of nine cases if we consider a time period of 
3 days. The correlation with the model parameters is 
rather low, but increases for σ°gr to 0.4 when we in-
tegrate over 2 days. 

η may be estimated by upward looking photogra-
phy but the observations are quite noisy (Smith, 
2000). From the comparison with an antenna surface 
we also realize that there is a certain difference be-
tween an estimate from an optical image and an es-
timate at L-band. With η estimated from the upward 
photography the two-way attenuation α, excluding 
some outlier, is estimated to be of the order of 0.1 to 
0.5 dB/m. We also find that α is increasing with 
temperature. For an analysis of environmental fac-
tors on the parameters observed at different sites, see 
(Santoro, 2003). 

Only in the case 15
th

 April/29
th

 May the coher-
ence was useful with γgr = 0.46 and γveg = 0.17. This 
was an image pair with a relatively short baseline of 
218 m, air temperatures of -0.2°/+6.9°C, and with 
wind speeds of 9 and 7 m/s. There was no precipita-
tion during at least three days preceding the acquisi-

tion. The wind speed is relatively large but the sensi-
tivity for the RMS deflection of the scatterers is 
related to the wavelength and L-band is much less 
sensitive than C-band, cf. (Askne et al., to be pub-
lished). 

Figure 3. Pearson’s correlation coefficient between σveg (x) and 
σgr (o) and mean precipitation during varying number of hours 
before the acquisition; left: β fixed, right β varing (+) 

6 RETRIEVAL OF FOREST STEM VOLUME 

The calibration accuracy of JERS-1 is not as good as 
ERS-1/2 but the major uncertainty with forest obser-
vations is the lack of temporal stability of the obser-
vations caused by environmental factors. This com-
plicates the relationship between backscatter and 
stem volume. Consequently we have to use refer-
ence sites, training sites, for which the stem volumes 
are known and use these sites to determine the 
model parameters, which are used to invert the ob-
servations at other areas and also to test the retrieval 
accuracy. Due to the limited number of forest stands 
in the investigated area we have chosen to divide the 
forest stands in two halves with similar stem volume 
distributions, one for training and one for testing. 
Since all the stands are from one and the same forest 
estate a certain dependency between the groups is 
possible. For further details regarding the inversion 
procedure we refer to (Askne et al., to be published; 
Santoro et al., 2002). 

A general problem in the estimation of the accu-
racy of remote sensing observations is the need for 
accurate in situ data in large areas used as reference 
areas. In the case of a forest the stem volume is es-
timated by observations of a certain number of plots 
within a stand. Since the forest stand is not homoge-
nous it is characterized by a certain sampling error, 
SE, related to the systematic sampling design. Since 
we want the retrieval accuracy to be as independent 
as possible from the variability of the in situ parame-
ters the retrieval accuracy must be corrected for the 
in situ sampling errors, see (Fransson et al., 2001; 
Lindgren, 1984). 

The JERS-1 results are presented in Table I. The 
relative error is varying between 22% and 48% for 
the area. However with L-band satellite observations 
we can count on a number of observations and a 
multi-temporal combination is then basic. Results 
from the multi-temporal combination of stem vol-
ume estimates using all available images show a 
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relatively small improvement compared to the best 
individual estimate. As an alternative to using all the 
images it is possible to select those providing the 
best stem volume retrieval. The selection rule may 
be based on the saturation in the backscatter (or 
similarly for coherence) as function of stem volume, 
Vsat , defined by 

VdV

d

satV

for

∆
∆= σσ 0

 (7) 

(or equivalently for the coherence values). The left 
hand side is determined from the model curve fitted 
to the training data. ∆σ is the standard deviation 
about the model curve and ∆V is an arbitrary change 
of stem volume, here equal to 50 m

3
/ha. Due to the 

limited number of forest stands each second stand 
when ordered according to stem volume was used 
for training and each second for testing. However in 
practice there was a 22% difference in the maximum 
stem volume and a 7% difference in the mean value. 
Then if the training and testing groups were inter-
changed the inversion results and the RMSE 
changed. This illustrates the importance of having a 
training area representative for the stem volumes of 
interest. For further discussion see (Askne et al., to 
be published). (In Table I only the better results have 
been reported since those seem relevant for the case 
when the stem volumes are similar in range.)  

The interferometric coherence is sensitive to 
changing conditions between the two acquisitions 
used and then also to the time interval between the 
acquisitions. In the ERS-1/2 case the one-day coher-
ence may be a better indicator of stem volume than 
backscatter but for JERS-1 with a longer wavelength 
but much longer repeat cycle the backscatter is more 
reliable. Still a combination of backscatter and co-
herence observations is the best since the different 
properties tend to make the averaging in a multi-
temporal approach effective. This is not the case for 
a combination of all the backscatter observations and 
instead only the images performing most accurately 
should be used. As a quality indicator Vsat may be 
used and the three best backscatter observations 
were combined with the single coherence observa-
tions using the relative RMSE as the weighting fac-
tor. We obtain r = 0.91 between the estimated stem 
volume values and the ground truth values. The 
RMSE was corrected first for the in-situ error in or-
der to characterize the measurement error as cor-
rectly as possible. In this manner a relative RMSE of 
21% was obtained. Taking the uncertainty of the 
stem volume range difference in the training and 
testing group an RMSE of the order of 20-25 % 
seems obtainable. 

EMISAR data are only available from one date in 
July 1995. Using the same stem volume retrieval ap-
proach as above we obtain for the different polariza-
tions the following RMSE, for HH 30.7 m

3
/ha

(23%), for HV 38.9 m
3
/ha (29%), and for VV 58.1 

m
3
/ha (43%). If we combine the three measure-

ments, weighting by the relative errors we obtain an 
RMSE of 34.9 m

3
/ha (26%). The higher resolution 

of the airborne system has not been used since aver-
aged values over the forest stands were utilized. A 
texture measure may add some information of im-
portance. Also HHVV coherence may be one inter-
esting measure of stem volume available for po-
larimetric systems (Luo et al., 2000). 

Table I. Stem volume retrieval accuracy corrected for in situ 
data errors 

# Date ∆Vcorr

β fixed 
∆Vcorr

β varying 

1 970415 48.6 48.5 
2 970529 36.5 36.8 
3 970712 42.3 42.3 
4 971008 45.6 45.5 
5 980104 80.1 85.7 
6 980217 68.1 70.8 
7 980402 85.4 84.2 
8 980516 51.8 52.1 
9 980812 46.4 46.6 

Note that results will vary depending on which group is used 
for training and which for testing. The two groups should cover 
the same stem volume interval. 

Table II. Multi-temporal approach: RMSE (m3/ha) for esti-
mates of stem volume using combinations of backscatter and 
coherence observations  

Procedure ∆Vcorr

m3/ha 

Training on group 1 27.2 
Training on group 2 38.0 

7 DISCUSSION ABOUT DIFFERENT MODEL 
APPROACHES

In some earlier publications (Fransson and Israels-
son, 1998; Kurvonen et al., 1999?; Pulliainen et al., 
1999) JERS-1 observations from Sweden and 
Finland have been analyzed. In (Fransson and Is-
raelsson, 1998) some different regression ap-
proaches were used and the performance difference 
between the different regression expressions and the 
semi-empirical model in the form given in Eq. (1) 
was small. Such investigations, however, are de-
pending on the range of stem volume and the data 
quality. The semi-empirical model (1) was also used 
in (Kurvonen et al., 1999?; Pulliainen et al., 1999) 
but the physical interpretation of the expression was 
different from that in this paper and in line with the 
cloud model (Attema and Ulaby, 1978). An effective 
forest canopy extinction coefficient κe and an effec-
tive scattering coefficient σV were introduced and 
assumed to be related to the volumetric water con-
tent of forest canopy. Comparing the expressions we 
obtain
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β
θ

κ =
cos

2 e , 0

2

cos
veg

e

V σ
κ

θσ =  (8) 

canve m ,∝κ , x

canvV m ,∝σ  (9) 

with x identified to be ≈ 2. Similarly σgr is a known 
function of top soil moisture. Their analysis gave re-
sult in reasonable agreement with hydrological 
model-based reference predictions for the soil mois-
ture, but the canopy moisture retrieval is said to be 
to some degree hypothetical.  

For σgr there is no difference but the interpreta-
tion of β is different in this paper since the area fill 
or the gaps are not related to mv,can. As we see from 
Figure 3 (b) the model parameters including β, i.e. 
κe, do not show up any significant correlation with 
the mean precipitation. Since the area fill is constant 
the correlation between α and precipitation is the 
same as that for κe. The variation of the model pa-
rameters with environmental parameters does not 
seem to provide any clue regarding which interpreta-
tion is the best approximation of radar scattering 
from forests, but the relation between precipitation 
and canopy moisture is not well known. However, 
we think that the canopy gaps play an important part 
in the forest transmissivity. More accurate data, in 
situ as well as satellite, from a range of environ-
mental conditions are important for further interpre-
tation of the simple semi-empirical model presented 
in Eq. (1). 

8 DISCUSSION ABOUT DIFFERENT 
SENSORS

There is a need to evaluate the potential of different 
sensors to retrieve stem volume accurately. Since 
individual observations are sensitive to environ-
mental factors we need in principle several observa-
tions over a full year. Since observations are sensi-
tive to forest properties we also need several test 
sites. At least we can report some observations using 
different sensors from the forest site studied in this 
paper:

Optical observations: Single observations by 
SPOT (Fransson et al., 2001) and Landsat TM 
(Fazakas et al., 1999) have been made. SPOT had an 
RMSE of 24%, while Landsat TM had an RMSE in 
the range 20 – 30% (depending on area averaged 
over).

Microwave: Multi-temporal InSAR observations 
at C-band have reported an RMSE of 7% (Santoro et 
al., 2002). Here we report on multi-temporal InSAR 
observations at L-band with an RMSE of 20-25 %. 

VHF: Observations have been made with the 
CARABAS-II VHF SAR system (Hellsten et al., 
1996) from Kättbole but an RMSE has not yet been 
determined. A preliminary analysis shows results in 

line with figures obtained at other sites (Fransson et 
al., 2000; Melon et al., 2001; Smith and Ulander, 
2000). Retrieval at low stem volumes (below about 
80 m

3
/ha) is impossible due to the low backscatter 

compared to the noise floor, but for higher stem vol-
umes the correlation between backscatter and stem 
volume is good. The saturation level is higher than 
for microwaves and no signs of saturation are found 
up to 1000 m

3
/ha. The proportionality factor is how-

ever slightly dependent on ground reflection coeffi-
cient. The temporal stability seems also promising. 
One area covered at two occasions showed no sign 
of change either within one hour or 20 months. 

9 CONCLUSION 

Microwaves have the ability to penetrate clouds and 
produce forest information regularly. Optimal dates 
for imaging can be used and a multi-temporal com-
bination reduces the stem volume retrieval error. 
JERS-1 L-band backscatter has been shown to result 
in stable backscatter during May – October for the 
boreal forest area studied. In spite of the long repeat 
cycle interferometric coherence was possible to form 
in one case (15

th
 April/29

th
 May, 1997). Backscatter 

and coherence complement each other and a combi-
nation resulted in a relative error of the order of 20-
25% for the 2-14 ha large forest stands. For the 
evaluation it is important to have training areas con-
sisting of known forest stands with a range of stem 
volumes typical for the area. The temporal stability 
of the backscatter may also indicate a spatial stabil-
ity and that a large area around a training area can be 
covered.
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