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Abstract: In order to assess the potentiality of ALOS L-band fully polarimetric radar data 

for forestry applications, we investigated a four-component decomposition method to 

characterize the polarization response of Siberian forest. The decomposition powers of 

surface scattering, double-bounce and volume scattering, derived with and without rotation 

of coherency matrix, were compared with Growing Stock Volume (GSV). To compensate 

for topographic effects an adaptive rotation of the coherency matrix was accomplished. 

After the rotation, the correlation between GSV and double-bounce increased significantly. 

Volume scattering remained same and the surface scattering power decreased slightly. The 

volume scattering power and double-bounce power increased as the GSV increased, 

whereas the surface scattering power decreased. In sparse forest, at unfrozen conditions  

the surface scattering was higher than volume scattering, while volume scattering was 

dominant in dense forest. The scenario was different at frozen conditions for dense forest 

where the surface scattering was higher than volume scattering. Moreover, a slight impact 

of tree species on polarimetric decomposition powers has been observed. Larch was 

differed from aspen, birch and pine by +2 dB surface scattering power and also by −1.5 dB 

and −1.2 dB volume scattering power and double-bounce scattering power respectively at 

unfrozen conditions. 
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1. Introduction 

Siberian forests, which contain roughly half of the world’s Growing Stock Volume (GSV) of 

coniferous species [1], and play an important role as a carbon sink [2], suffer from several types of 

disturbances. Much of this damage is caused by immense wood trade, illegal logging, and also 

rigorous damages due to fires, insects and air particulate pollution. The GSV is defined as the stem 

volume of all living trees including bark but excluding branches and stamps in a stand. The trees must 

be greater than 6 cm at breast height (1.3 m) to be included in growing stock. 

The forest degradation or deforestation has an impact on climate change. Therefore, it is necessary 

to monitor Siberian forests on a large-scale, frequently, and accurately. The traditional ground survey 

is useful for the local investigations but taking into account the vastness and remoteness of Siberian 

forests and also not sufficient infrastructure, forest inventories are not carried out frequently enough to 

provide the information about the ecosystem. Moreover, ground-based surveys are too expensive and 

time consuming. Possible solution to overcome this problem is to use remote sensing, in particular 

space-borne remote sensing techniques. In Siberia, the optical remote sensing data are affected by 

frequent cloud cover, fog, mist, or darkness over the long periods of the year. Microwave remote 

sensing technique of lower frequency radar sensor, which is not sensitive to cloud cover and solar 

radiation, provides efficient means to accomplish this task, especially by combining polarimetric 

techniques. Moreover, SAR can provide a global view of the whole Siberian forests area with high 

temporal resolution. Due to their sensitivity to the geometric properties of the targets, radar data 

proved to have a strong potential for forest biomass assessment. Lower frequencies (L-band and  

P-band) are more preferable than higher frequencies (X-band and C-band) as saturation emerges at 

higher biomass levels [3–5], i.e., after a specific biomass level the further increase of biomass causes 

no further increase of the radar backscattering intensity. Additionally, radar backscattering at high 

frequencies is dominated by the scattering process in the crown layer of small branches, needles, twigs, 

and therefore, it does not penetrate and scatter significantly from the stem, while backscatter at lower 

frequencies is dominated by the scattering process from the trunks and large branches in which almost 

70% of the total living biomass of forest is accumulated [6]. 

1.1. Polarimetric SAR in Forestry Applications 

Radar polarimetry is the science of acquiring, processing and analyzing the polarization state of  

an electromagnetic field [7]. Radar polarimetry deals with the full vector nature of polarized 

electromagnetic waves. When the wave passes through a medium strikes an object, it is reflected; then, 

characteristic information about its geometrical structure such as reflectivity, shape and orientation and 

its geophysical properties can be obtained. PolSAR data expresses the changes of polarization states of 

received microwave by the structures and dielectric constant of the objects. A fully polarimetric dataset 

comprises both, co- and cross-polarization defined in an orthogonal polarization basis. This most of all 
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cases, the antenna transmits and receives horizontally and vertically polarized signals. Therefore, a 

single set of PolSAR image consists of four complex images of different polarization combinations, 

i.e., HH- (transmits and receives horizontally polarized signals), HV- (transmits horizontally polarized 

signals, receives vertically polarized signals), VH-, and VV-polarization images. Superior objective of 

polarimetric data exploration is the analysis of backscattering mechanisms of scattering objects and 

thus to gain insight into their physical characteristics and can be used to distinguish the scattering 

objects. Basic data examination techniques analyze polarimetric coherence or polarimetric phase 

difference. Both parameters allow first implications on the scattering processes [8] and have been 

successfully implemented to improve forest biomass estimation [3]. 

Apart from the polarimetric phase difference and polarimetric coherence, a number of decomposition 

approaches have been designed [9–12]. The single components of the backscattering signal can be assigned 

to specific scattering processes such as surface scattering, volume scattering and double-bounce. So far, the 

effort has been focused on land cover classification [12–16] and the delineation of physical land 

surface parameters such as soil moisture and surface roughness [17–22]. 

McNeil et al. [23] and Garestier et al. [24] considered Cloude-Pottier decomposition [10] 

parameters for the estimation of forest stand age and tree height. The authors found correlation 

between decomposition parameters and forest stand age as well as tree height. Baker et al. [25] and 

Watanabe et al. [26] investigated the scattering mechanism in temperate and boreal forests. The 

authors were able to separate the forest response into fractional contributions from the three broad 

classes of scattering mechanisms double-bounce, surface and volume scattering and found the 

dominance of surface scattering and volume scattering in sparse forest and dense forest respectively. 

Goncalves et al. [27] and Kobayashi et al. [28] applied Freeman-Durden decomposition [12] and 

Yamaguchi decomposition method [29] respectively in tropical forest. Goncalves et al. [27] observed 

the strong correlation between GSV and surface scattering (r = 0.49), double-bounce (r = 0.63) and 

volume scattering (r = 0.61). Kobayashi et al. [28] also found that all of the decomposition powers 

have more significant correlations with the forest parameters when divided by the total power 

(r ≈ −0.768 for surface scattering, r ≈ 0.558 for double-bounce scattering and r ≈ 0.709 for volume 

scattering) rather than when using the decomposition powers themselves (r ≈ −0.722 for surface 

scattering, r ≈ −0.028 for double-bounce scattering and r ≈ 0.513 for volume scattering). 

1.2. Motivation and Scope 

Although above mentioned studies have reported results showing a strong potential of polarimetric 

decomposition parameters for retrieving forest biophysical parameters, the analyses were based on a 

limited set of images and were focused on limited number of test areas. The effect of environmental 

conditions on polarimetric decomposition parameters was not assessed. Furthermore, the studies could 

not confirm the findings for large areas. Furthermore, only intensively managed and homogenous 

forest stands have investigated. Some studies have shown the potential of tree species discrimination 

based on polarimetric data [26,30]. Watanabe et al. [26] applied Freeman-Durden decomposition 

model to the L-band polarimetric SAR data in Tomakomai national forest, Japan where the main  

tree species are fir, larch, spruce and some percentage of broadleaf species are also available. The 

authors investigated that larch has higher contribution of surface scattering and lower contribution of 
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double-bounce and volume scattering. Ranson et al. [30] discovered C-, L-, P-band AIRSAR data 

better enabled for discriminating deciduous forest whereas SIR-C/X data produced better classification 

results for conifer forest stands. However, the impact of tree species on decomposition powers has not 

yet been fully examined in these studies. 

The aim of this study is to gain knowledge in terms of polarimetric properties in Siberian forests 

and to investigate the potential of ALOS PALSAR L-band polarimetric decomposition powers,  

in particular double-bounce, surface, and volume scattering for the estimation of GSV. In addition, the 

sensitivity for different weather conditions will be addressed. A further objective is the examination of 

different tree species on decomposition powers. The study is focused on GSV, as it is the key 

parameter in Russian forest inventories for planning forest enterprise operations. Moreover, in the 

context of Global Climate Change, forest biomass is the one of the most desired forest parameters. Forest 

inventories delivered by foresters usually include GSV. Therefore, the knowledge about GSV allows the 

estimation of above ground biomass through forest type and forest age specific conversion factors [31]. 

The test areas are chosen for a number of reasons: availability of SAR imagery, forest inventory, and 

meteorological data. The vastness of these forest areas represents the full diversity of the land cover. The 

forested areas have been considered in previous investigations for the retrieval of forest biophysical 

parameters using SAR remote sensing techniques [6,32–37]. During the past 15 years, much effort has 

been made in regard to the forestry applications using PolInSAR (Polarimetric Interferometry SAR) 

techniques [38–41]. However, in this study we solely concentrate on the polarimetric information. 

Rationale is the absence of an adequate global PolInSAR dataset (L- or P-band, single pass), while 

polarimetric ALOS PALSAR data exist for a high percentage of the globe. 

This paper is structured as follows: after the description of the test areas, satellite data and data 

processing we present the analysis of the behavior of the polarimetric decomposition powers as a 

function of GSV, weather conditions, and different tree species in Siberian forests. The important  

part of this investigation is to determine the existence of correlation between the polarimetric 

decomposition powers and GSV and to examine the seasonal variability. Subsequently, we present an 

approach for estimating the GSV based on polarimetric decomposition powers. 

1.3. Theoretical Background 

The backscatter properties of the target can be completely described by a scattering matrix [S]. The 

[S] matrix is only able to characterize the polarimetric behavior of point scatterers. But for remote 

sensing applications the scatterers are affected by spatial and time variations and can only be 

characterized with the presence of speckle noise. A resolution cell in a SAR image is coarser than the 

wavelength of the radar and the cell is composed of many distributed deterministic scatterers. Each of 

the scatterers is represented by an individual Sinclair matrix [S]i. Therefore, the matrix [S] is formed by 

the coherent addition of the individual [S]i matrices for all the distributed scatterers within each 

resolution cell. To reduce the speckle effect second order polarimetric representation such as covariance 

matrix or coherency matrix is introduced. 
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1.3.1. Covariance and Coherency Matrix 

The covariance matrix [C] is formed by the outer product    
        

     
 
  of the lexicographic scattering 

vector    
       with its conjugate transpose vector    
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where     represents ensemble averaging assuming that the spatial scattering medium to be averaged 

is homogenous. The diagonal elements correspond to the backscattered intensities. The off diagonal 

elements represent the complex covariance of the respective polarization configurations. Similarly, the 

coherency matrix [T] is defined by the other product    
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Both, [C] and [T] matrices are by definition hermitian positive semi definite and have real  

non-negative eigenvalues but different eigenvectors. Both matrices are of rank 3 and contain 

equivalent information. Without ensemble averaging, both matrices are of rank 1 and characterize a 

deterministic scattering process. The sum of the diagonal elements (the trace) for both matrices is the 

same and represents the total power of the scattered wave. 

1.3.2. Four-Component Decomposition 

The complexity of scattering process makes extremely difficult the physical study of a given scatter 

through the direct analysis[C] or [T]. For this reason, polarimetric decomposition technique is used. 

Considering a vegetated medium with multilayered structure composed of branches, trunks and 

ground. Backscattering from vegetated terrain is typically mixture of several scattering mechanism 

such as surface scattering, which comes from the forest ground, volume scattering or multiple 

scattering from the canopy of the trees and double-bounce from ground-trunk. The contribution of this 

scattering mechanism depends on the frequency of the EM wave, incidence angle, structural properties of 

different tree species, environmental conditions, and moisture content of the ground and the canopy  

of the tree. Polarimetric decomposition model decomposes [C] or [T] matrix into three scattering 

mechanism such as surface scattering, double-bounce and volume scattering [12,29].  

Yamaguchi et al. [29] proposed a four-component scattering model by adding a helix scattering term as 

a fourth component based on the coherency matrix for fully polarimetric SAR images. The coherency 

matrix is expanded into four sub matrices, which correspond to surface scattering, double-bounce 

scattering, volume scattering, and helix scattering mechanisms: 

                                                              (3) 

where fs, fd, fv and fh are the expansion coefficients to be evaluated, and                          

            and            are the scattering models for the surface, double-bounce, volume, and helix 

scatterings respectively. 
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The scattering powers Ps, Pd, Pv and Ph correspond to surface, double-bounce, volume and helix 

scattering power and are measured by the expansion coefficients fs, fd, fv, fh and the traces of the four 

sub matrices (Equation (3)). The polarimetric decomposition scattering powers are expressed as: 

              (4) 

              (5) 

               (6) 

                       
    (7) 

The scattering powers Ps, Pd, Pv and Ph will be statistically compared with the forest GSV. 

2. Study Area 

Among the eleven forest territories used in Russia for the ALOS Kyoto and Carbon Initiative 

phase 3, led by JAXA Earth Observation Research Center (EORC), the three forest territories 

Shestakovsky, Chunsky and Primorsky were selected as for the investigation of polarimetric analysis 

(Figure 1). Each forest territory comprises a certain number of test areas, which are called forest 

compartments. These three territories belong to the southern taiga sub-zone of the boreal forest and 

belong to two Russian Siberian Federal Districts: Krasnoyarsk Kray and Irkutsk Oblast. Due to lack of 

multi-temporal SAR images over all the forest compartments, only one or two forest compartments of 

each test area was investigated in this study. 

Figure 1. Forest compartments in Central Siberia including forest inventory and weather 

stations. The three forest territories (inside the blue rectangular box): Chunsky, Primorsky 

and Shestakovsky are only investigated in this study. 
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2.1. Shestakovsky 

The Shestakovsky (center coordinates 104.45°E, 56.67°N) forest territory is 80 km north of the 

Bratsk Reservoir and 10 km west of the Llim River. Three compartments are included in this forest 

territory. The SAR image was acquired only over the northern compartment Shestakovsky-N. Its  

area is 146 km
2
. The topography varies across Shestakovsky-N. High altitudes are found from the 

south-east corner to the north-west corner. The elevation ranges from 550 m to 700 m above the sea 

level (a.s.l). In south-east side of this test area 50% of the slopes are larger than 7°. In the southern and 

western parts, the topography varies between 450 m and 550 m a.s.l. The standard deviation of the 

elevation is 60 m and 65% of areas have slopes up to 5°. Detailed topographic information of all the 

investigated areas is illustrated in Figure 2. 

Figure 2. Distribution of (a) slope angles and (b) topographic heights for the forest 

compartments in Siberia. The figure shows the mean (μ) and standard deviations (σ) of 

slope and topographic heights. 

Slope (°) Altitude (m) 

(a) (b) 

2.2. Primorsky 

The Primorsky (center coordinates 102.20°E 55.50°N) forest territory is located on the southern 

bank of the Bratskove reservoir. The size of the easternmost forest compartment, Primorsky-E, is 

326 km
2
. In Primorsky-E, the topography is rather gentle with steep slopes along the rivers. The 

elevations range from 350 m to 400 m a.s.l. near the stream valleys and increase to 600m at the center 

of the compartment. Like in Shestakovsky-N, 65% of the area features slopes up to 5°. 

2.3. Chunsky 

The forest territory Chunsky (center coordinates 96.40°E, 57.40°N) is located on the southern side of 

the river Angara. There are four forest compartments in this forest territory. In this paper, Chunsky-N 

and Chunsky-E are investigated. The size of the test areas is between 256 km
2
 and 312 km

2
. In 

Shestakovsky-N (μ=5.0° σ=2.8°) 

Primorsky-E (μ =3.2° σ =2.0°) 

Chunsky-E (μ =2.3° σ =1.7°) 

Chunsky-N (μ =3.6° σ =3.0°) 

Shestakovsky-N (μ =119m σ =47m) 

Primorsky-E (μ =64m σ =27m) 

Chunsky-E (μ =79m σ =44m) 

Chunsky-N (μ =167m σ =50m) 
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Chunsky-N and Chunsky-E the topography is mostly flat. The elevation in Chunsky-N is about 

200 m a.s.l. in the southern part, where steep slopes are located along the river basins. In the northern 

part the elevation increases to 400 m a.s.l. In Chunsky-N, the topography is varying between 200 m 

and 250 m a.s.l. Few peaks reach altitudes of up to 340 m a.s.l. In 90% of the areas of Chunsky-N and 

Chunsky-E the slopes are smaller than 5°. 

3. Data Sets 

3.1. Forest Inventory Data 

The forest inventory data used in this study was originated from regular forest surveys in the 

framework of the Russian Forest Inventory Planning (FIP) and was part of an extensive Geographical 

Information System (GIS) database updated on 1998. The database consisted of forest stand boundary 

maps in digital form at stand level. A stand is the primary forest inventory unit where the borders  

were calculated from the aerial photographs. Each forest compartment comprises between 412 and  

643 stands. Stand size is typically between 0.7 ha and 468 ha. About 90% of the total stands are below 

60 ha. Only few stands are bigger than 100 ha. The forest stand size of both forest compartments in 

Chunsky is relatively larger than the stands in Shestakovsky-N and Primorsky-E. Stands are mostly 

labeled as natural stands. Remarkable for all the investigated areas is the large amount of forest stands 

that represent disturbed areas such as clear-cuts, fire scars, burned and harvest areas. This Siberian 

forest is commonly unmanaged. 

The attributes of each stand are GSV (10 m
3
/ha per class), relative stocking, age, height and 

diameter at breast height (dbh) of the dominant tree species, tree species composition etc. The GSV is 

the main parameter of interest in this study. The distributions of GSV for all the investigated areas are 

illustrated in Figure 3a. The GSV varies between 0 m
3
/ha and approximately 400 m

3
/ha for all the 

forest compartments. Clear-cuts and bogs are represented by a GSV of 0 m
3
/ha. The histogram analysis 

of GSV for Shestakovsky-N and Primorsky-E in Figure 3a shows that a large number of stands contain 

dense forest. On the other hand, both in Chunsky-N and Chunsky-E, comparatively less dense forest 

stands are found. The greater number of stands with lower GSV has been noticed in Chunsky-N and 

Chunsky-E. This can be the significance of the different forest management practice performed in 

different test areas and also the intensive harvesting during past decades. 

In both forest compartments, either very young or dense forests are dominant, whereas the 

intermediate growth stage between 50 m
3
/ha and 100 m

3
/ha is rarely found. According to Russian forest 

inventory standards the GSV accuracy should legally be between 12% and 15% (confidence interval 

0.95), depending on economic value and age of the forest [33,42]. 

In the area of interest, the prevailing tree species are aspen (Populus tremula), birch (Betula pendula), 

fir (Abies sibirica), larch (Larix dahurica and Larix sibirica), pine (Pinus sylvestris), and spruce  

(Picea sibirica). The tree species composition for all the forest compartments is shown in Figure 3b. 

Birch and pine are the dominant species for all forest compartments. Cedar stands (Pinus sibirica) are 

found only in Shestakovsky-N. In all the forest compartments, young forests are dominated by 

deciduous forests, whereas conifers are predominant in mature forests. In general, at the Chunsky 

forest compartments the tree species composition is rather similar. However, in Shestakovsky-N and 
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Primorsky-E aspen is the dominant tree type at young forests, whereas birch dominates the young 

stands in Chunsky. The majority of the forest stands are natural stands with mixed tree species 

composition. Therefore, homogenous forest stands are rare in the test areas. The amount of stands with 

only single tree species varies between 4% and 11% for each of the forest compartments. Most of these 

homogenous stands comprise aspen, birch, pine, larch and also represent the dense forests. Only in 

Chunsky-E, aspen is not found. Tree species composition indicates the proportion of the species of the 

trees in a stand. The composition is listed separately for each tree species in a stand. 

Figure 3. (a) Histogram of GSV distribution and (b) tree species composition for 

Shestakovsky-N, Primorsky-E,Chunsky-E and Chunsky-N (b). 

 

GSV (m³/ha) 

Shestakovsky-N Primorsky-E 

  

Chunsky-E Chunsky-N 

 
 

(a) (b) 

3.2. Weather Data 

The meteorological data was partly obtained from the German Weather Service (DWD). The other 

part was gathered from Weather Underground Website [43]. Two stations were placed near the 

Chunsky, two stations near the Primorsky and one station near the Shestakovsky. All the weather 

stations were located between 50 km and 100 km distance from the forest compartments. Daily 

measurements of temperature, precipitation, snow depth, wind speed, cloud cover, and dew point were 

available at all the stations. For Chunsky and Primorsky weather observations were recorded every 6 h. 

The station near Shestakovsky recorded every 12 h. A brief summary of the meteorological conditions 

is provided in Table 1.The values of the weather parameters reported in Table 1 represent the averages 

of the measurements of nearby weather stations. During winter, the temperatures were mostly below 

the freezing and snow accumulated on the ground while in summer the temperatures were above 0 °C. 

Thus, in general, frozen conditions are assigned to winter and unfrozen conditions to summer 

acquisitions. Thaw is defined as when the minimum temperature was below freezing and maximum 

temperature was above freezing when snow is melting. 

Shestakovsky-N 

Primorsky-E 

Chunsky-E 

Chunsky-N 
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Table 1. Weather observations on the day of ALOS PALSAR L-band acquisitions for  

Siberian forests. “T” and “F” stands for the track and frame numbers for the PALSAR data. 

The time of overpass the satellite is between 23:30 h and 23:45 h (local time). 

Forest 

Compartments 

Acquisition 

Date 

Temperature (°C) 
Weather Conditions 

Min Mean Max 

Shestakovsky-N 

T-457 F-1130 
21.05.2007 1 6 14 

0.2 cm rain the day before 

(unfrozen, dry) 

Shestakovsky-N 

T-457 F-1130 
10.04.2009 −7 4 17 

snowfall at 21:00 h 

last 2 days no snow; 

(thaw, wet) 

Shestakovsky-N 

T-457 F-1130 
26.05.2009 5 6 8 

rainfall at 3:00 h and 21:00 h; 

last 2 days no rain 

(unfrozen, wet) 

Primorsky-E 

T-459 F-1120 
09.05.2007 4 7 13 

light rain showers at 23:00 h and 00:00 h; last 

1 week no rainfall (unfrozen, dry) 

Primorsky-E 

T-459 F-1120 
24.03.2007 −8 −3 −1 

snowfall at 9:00 h last 20 days 

snowfall(frozen) 

Primorsky-E 

T-460 F-1110 
31.05.2009 6 17 22 

last 3 days 1.6 cm rain 

(unfrozen, wet) 

Chunsky-E 

T-467 F-1160 
07.05.2007 −4 7 15 

rain at 20:00 h; snowfall day before 

(thaw, wet) 

Chunsky-E 

T-467 F-1160 
19.09.2006 8 10 14 

0.3 cm rain; 2 days before 1.1cm rained. 

(unfrozen, wet) 

Chunsky-N 

T-468 F-1160 
06.10.2006 −4 −3 1 

snowfall; last day 3 cm snow; snow depth 16 

cm 

(frozen) 

Chunsky-N 

T-468 F-1160 
13.04.2009 −12 −7 −1 

snowfall; snow depth 20 cm 

(frozen) 

Chunsky-N 

T-468 F-1160 
21.08.2006 7 11 14 

0.15 cm rain at 08:00 h: 2 cm rain last  

4 days 

(unfrozen, wet) 

Chunsky-N 

T-468 F-1160 
24.05.2007 3 12 17 

3 days before 0.5 cm rain 

(unfrozen, dry) 

3.3. PALSAR Data 

Fully polarimetric L-band SAR data have been acquired over the study areas by the Japanese 

Aerospace Exploration Agency (JAXA) using the Advanced Land Observing Satellite ALOS-PALSAR. 

The SAR data analyzed in this research are listed in the Table 1. Twelve SAR images were obtained 

from 2006 to 2009 at approximately 23:30 h (local time) at different meteorological conditions.  

All images were acquired on ascending orbit. According to JAXA’s ALOS acquisition strategy, the 

polarimetric data were acquired once every two years with a look angle of 21.5° and twice every two 

years with a look angle of 23.1°. Thus, it was not possible to gather a large multi-temporal dataset. 

  



Remote Sens. 2013, 5 5735 

 

4. Methods 

4.1. SAR Data Pre-Processing 

Single look complex (SLC) level 1.1 PALSAR data were used for the investigations. First of all, the 

data was polarimetrically calibrated [44]. Afterwards, the coherency matrix [T] was formed. In this 

step, the data was multi-looked with 7 azimuths and 1 range looks and speckle filtered using 3 × 3 Lee 

Sigma filter [45]. The multi-looked factors result in approximately squared pixels. The Faraday 

rotation was calculated and eliminated [46]. 

The polarimetric SAR data were corrected for the impacts of azimuth slope. To compensate this 

slope affect, the polarization orientation angles (POA) were derived from the circular polarization 

algorithm [47], as shown in Equation (8): 

  
 

 
       

         

        
   (8) 

where θ is the phase difference between the right-right and left-left circular polarizations. After the 

estimation of POA, a new rotated coherency matrix T(θ) was formed: 

                        
  

 (9) 

where R3p(θ) is the unitary LOS rotation matrix. 

           
   
           
            

  (10) 

The circular polarization algorithm was applied to all L-band data. Figure 4 illustrates one example 

for Shestakovsky-N. Figure 4a shows the POLSAR data with Pauli color coding (|HH−VV| for red, 

|HV| for green and |HH+VV| for blue). Buildings, bare surfaces, and areas with low vegetation are 

shown in the lower part of the image. The areas in upper part of the image are covered with forest  

of different tree species: aspen, birch, larch and pine. The POA map derived from the circular 

polarization is shown in Figure 4b. The POA varies between −25° and +25°. The POA is noisier in 

forest areas, where much of the backscattered energy comes from the volume of the canopy. The areas 

with bare surfaces and buildings have meaningful orientation measurements. The SRTM DEM is 

shown in Figure 4c. 

We applied the four-component decomposition to this new rotated coherency matrix T(θ) and 

calculated Ph(θ), Ps(θ),Pd(θ) and Pv(θ). Finally, the images were ortho-rectified using SRTM-3 DEM 

(Shuttle Radar Topography Mission-3 Digital Elevation Model) and orbit information. The pixel 

spacing of the geocoded images is 25 m × 25 m. 

It is mentioned before that the data is speckle filtered using the 3 × 3 Lee Sigma filter. The impact 

of filter is demonstrated in Figure 5. The black polygons indicate the boundaries of forest stands. The 

result of the filtered image (Figure 5b) shows the positive effect of the filtering. Surface and volume 

scattering are smeared in the filtered image (Figure 5b). The dominant scattering properties have  

been preserved. Double-bounce, surface, and volume scattering are observed to produce peaks with 

less variance. 
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Figure 4. ALOS-PALASAR L-band data of Shestakovsky-N for illustration. (a) The Pauli 

RGB image. R = |HH − VV|, G = |HV| + |VH| and B = |HH + VV|. (b) The POA derived 

from circular polarization algorithm. (c) Digital Elevation Model (DEM) from SRTM-X. 

 

(a) (b) (c) 

Figure 5. Distribution of decomposition powers (a) before and (b) after applying the  

3 × 3 LEE filter. The red, green, and blue colors represent the double-bounce, volume, and 

surface scattering power respectively. The black polygons in insets indicate the boundaries 

of forest stands. Each scattering power is segmented into 40 samples. 

  

(a) (b) 

  

POA map (°) 

range 

digital elevation model (m) 

Normalized scattering power Normalized scattering power 



Remote Sens. 2013, 5 5737 

 

4.2. In-Situ Data Pre-Processing 

To reduce the border effects and minimize the localization errors, the forest stands were buffered  

by 25 m and after that the stand-wise forest inventory data were converted to raster format and 

resampled to 25 m as used in the ortho-rectification of the SAR data. To limit the effect of speckle on 

the stand-wise polarimetric decomposition power measurements, we considered only stands larger than 

a given threshold. For each forest, compartments the threshold is set empirically depending on the 

number of stands left for further investigations. In Shestakovsky-N only stands larger than 2 ha  

(32 pixels) and in Primorsky-E, Chunsky-E and Chunsky-N the stands bigger than 5 ha was 

considered. [48–50] restricted their analysis for the retrieval of GSV from the SAR image to forest 

stands bigger than 2 ha. 

Based on SAR data, the mean and standard deviations of decomposition power P(θ) have been 

computed for each stand. Because the stand size is up to 468 ha, the stand-wise mean are no longer 

sufficient to describe the underlying area. In this paper, stands size bigger than 60 ha (90th percentile 

of stand size) and stands with strong spatial heterogeneity of polarimetric decomposition powers,  

i.e., strong differences in forest cover within a stand are excluded. The removal of heterogeneous 

stands was accomplished by means of standard deviation of polarimetric decomposition powers. The 

measured standard deviation of polarimetric decomposition powers for 2–10 ha stands are between 

0.04 and 0.08. Therefore, a higher standard deviation indicates a very heterogeneous forest cover 

within the stand. From the histogram analysis of stand-wise standard deviation of polarimetric 

decomposition powers (σP(θ)), a threshold of σP(θ) = 0.1 is set for excluding heterogeneous forest stands. 

The stands with σP(θ) > 0.1 are excluded. The number of remaining stands of each forest compartment 

used in this study is given in Table 2 where summary of the main characteristics of the each forest 

compartment is also reported. 

Table 2. Forest stands summary statistics for all the forest compartments under 

investigations. The number within the bracket was provided in the forest inventory database. 

 Shestakovsky-N Primorsky-E Chunsky-E Chunsky-N 

Area (km2) 86 (146) 170 (326) 146 (256) 200 (312) 

Number of Stands 234 (412) 405 (643) 320 (564) 302 (587) 

Slope: min-mean-max (°) 0.8-5.0-13.2 0.9-3.2-12.0 0.5-2.3-9.6 0.6-3.6-10.0 

Stands size: min-mean-max-stdv (ha) 2-22-60-12 5-28-60-13 5-25-60-15 5-30-60-12 

GSV: min-mean-max-stdv (m³/ha) 0-189-350-36 0-187-410-105 0-133-430-114 0-107-350-106 
 

The outdated forest inventory data (from 1998) were updated using high resolution optical data 

regarding recent logging and other disturbances. The Multi-Purpose Satellite (KOMPSAT-2) from the 

Korea Aerospace Research Institute (KARI) data was used for this purpose. If any mismatch was 

found between optical images and ground-truth data, the stands were excluded. 

Santoro and Cartus [51] introduced a following growth model for Siberian forests to overcome the 

time gap between this reference data set and ASAR data. 

                        (11) 

                   (12) 
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                        (13) 

where GSVinv is the original value from the forest inventory, GSV1, GSV2, GSVn-1 represent the yearly 

updated GSV and GSVup defines the updated GSV. The authors assumed that for the region of Central 

Siberia, where the forest compartments are located, forests grow annually on average by 5 m
3
/ha/yr. 

The updated GSV from the growth model has been done on a yearly basis using the value computed 

for the preceding year. We applied this growth model to the forest inventory. No significant difference 

has been observed for the trend between L-band ALOS PALSAR polarimetric decomposition powers 

and updated GSV. The proposed growth model does not consider for the different tree species and 

their growth rate, which are found to be different in Siberian forest where mixed forests are prevalent. 

Moreover, forest stand structure is very important parameter for the forest growing. GSV reaches 

higher levels for well managed forest stands. Therefore, it is not suitable to implement the growth 

model to the Siberian forests without precise knowledge of the growth of the individual tree species 

and stand structure change. Furthermore, development of growth model was not a topic of this study. 

5. Results 

5.1. Impact of Line of Sight (LOS) Rotation 

Before applying the four-component decomposition powers to the ALOS PALASAR L-band data 

obtained from the Siberian forests to extract GSV information, the impact of line of sight rotation is 

investigated in this section. Yamaguchi et al. [52] published an approach of how the rotation of 

coherency matrix can be used to correct the POA. The effect of this correction is particularly 

observable in urban areas, if buildings are not orthogonal to the radar LOS. In this study, the 

investigation is carried on forest areas in Siberia. Figure 6 depicts the impact of applying the POA 

compensation to Yamaguchi four-component decomposition. The mean values and the standard 

deviations of polarimetric decomposition powers Ph, Pd, Ps, Pv, and Ph(θ), Pd(θ), Ps(θ), Pv(θ), have 

been computed for different slope classes. The mean values are shown as squares and the vertical bars 

represent the standard deviation of the mean decomposition powers of the stands within the slope classes. 

The mean GSV and their standard deviations of the corresponding slope classes are listed in Table 3. The 

mean GSV of all slope classes varies between 193 m
3
/ha and 208 m

3
/ha. The standard deviations range 

between 54 m
3
/ha and 67 m

3
/ha. The derived POA vary between −3.9° and +4.8° for all the investigated 

areas. The POA extracted from polarimetric data shows a high standard variation mainly due to the  

phase noise. The POA compensation results in a decrease of volume scattering and an increase of 

double-bounce and surface scattering. The helix scattering power remains unchanged because of its  

roll-invariant nature. The amount of decrease of volume scattering is equal to the amount of increase  

of double-bounce and surface scattering. For all slope classes, double-bounce and surface scattering 

power increase between 7% and 13%, whereas volume scattering power decreases between 13% and 

25%. The POA estimated from the ALOS PALSAR L-band images acquired at frozen conditions is 

slightly sensitive to topography than the one derived from images acquired at unfrozen conditions. 

The above investigation is carried out for dense forest. To demonstrate further the LOS rotation 

effect, the analyses are also performed for sparse forest where mean GSV is between 6 m
3
/ha and  

10 m
3
/ha. For 0°–3° slope class, double-bounce and volume scattering increases and decreases 
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respectively between 4% and 7% while for high topography (11°–15° slope class)  

double-bounce and volume scattering increases and decreases respectively between 15% and 23%. The 

changes are much greater for high terrain areas. Therefore, LOS rotation has clear impact for 

topography under the sparse forest. 

Figure 6. The mean normalized scattering power of the decomposition parameters 

(a) before and (b) after the rotation of coherency matrix for different slope classes. Red, 

green, blue, and black represent double-bounce, volume scattering, surface scattering, and 

helix scattering power respectively. 

  

(a) (b) 

Table 3. Mean (μ) and standard deviation (σ) of GSV and polarization orientation angles 

(POA), derived by circular polarization algorithm for different slope classes. 

Slope Class 

(°) 

μ 

GSV (m
3
/ha) 

σ 

GSV(m
3
/ha) 

μ 

POA (°) 

σ 

POA (°) 

0–3 193 78 ±3.9 2.3 

4–7 208 78 ±4.3 2.7 

8–10 205 74 ±4.5 2.9 

11–15 202 87 ±4.8 3.3 

5.2. Growing Stock Volume and Polarimetric Decomposition Powers 

The relationships between GSV and stand-wise polarimetric decomposition powers Ps (blue color), 

Pd (red color), and Pv (green color) are illustrated in Figure 7 for Shestakovsky-N, Primorsky-E, 

Chunsky-E and Chunsky-N. Helix scattering power is not shown here since it characterizes mainly 

artificial targets. The same colors for correspond scattering powers are also used in the remaining 

figures of this paper. All analyses in this research have been conducted on forest stand level. 

Therefore, the decomposition powers are measured by averaging all the pixels within each stand. In all 

cases, the stand-wise average of Pd, Pv increases and Ps decreases with the increasing of GSV. 

Considering the uniform distribution of both GSV and forest stands, the GSV is grouped into three 

Slope class (°) Slope class (°) 



Remote Sens. 2013, 5 5740 

 

different stand sizes: 5–25 ha, 26–40 ha and 41–60 ha. Different range (2–20 ha, 21–40 ha and  

41–60 ha) of stand size was used for Shestakovsky-N. 

Figure 7. Relationship between GSV and polarimetric decomposition powers, derived 

without rotation of coherence matrix. Red, green, and blue represent the double-bounce 

scattering Pd, volume scattering Pv, and surface scattering Ps, power respectively.  

“n” represents the number of forest stands. 
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Figure 8. Relationship between GSV and polarimetric decomposition powers, derived with 

rotation of coherence matrix. Red, green, and blue represent the double-bounce scattering 

Pd, volume scattering Pv, and surface scattering Ps, power respectively. 
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Similarly, Figure 8 shows the same trend for Ps(θ), Pd(θ), and Pv(θ). To allow a quantitative 

analysis between the GSV and polarimetric decomposition powers, Pearson’s correlation coefficient 

(r) has been calculated for all plots. Pearson’s correlation coefficients are reported in Table 4. The 

Pd(θ) correlation is significantly better than Pd for the entire forest compartments for all the 

acquisitions. On the other hand, the correlation between Ps(θ) and GSV decreases. Especially for all 

the acquisitions in Primorsky-E and for one acquisition (21 August 2006) in Chunsky-N, the Ps(θ) 

correlation declines noticeably compared to Ps The correlation between GSV and Pv(θ) as well as Pv 
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are almost the same. The p-values are less than 0.001 for the volume scattering, Pv(θ), double-bounce 

scattering, Pd(θ) and surface scattering, Ps(θ), which indicate the statistical significance of the 

correlation. Only some cases P-values are less than 0.002 for surface scattering, Ps(θ) (listed in Table 4 

with “*”). The dependencies of polarimetric decomposition powers (P, P(θ)) to the GSV of different 

stand sizes are investigated for all the forest compartments and no increase or decrease trend of 

correlation is observed as a function of stand size. 

Table 4. Pearson’s correlation coefficients for GSV-decomposition powers relationships, 

derived with and without rotation of coherency matrix. Pd, Ps, and Pv indicate double-bounce, 

surface and volume scattering power before the rotation of coherency matrix, whereas 

Pd(θ), Ps(θ) and Pv(θ) refer double-bounce, surface and volume scattering power after the 

rotation of coherency matrix. 

Forest Compartments Dates Pd Pd(θ) Ps Ps(θ) Pv Pv(θ) 

Shestakovsky-N 21.05.2007  0.26 0.70 −0.72 −0.61 0.70 0.73 

Shestakovsky-N 10.04.2009 0.67 0.79 −0.56 −0.50 0.76 0.78 

Shestakovsky-N 26.05.2009 0.31 0.71 −0.71 −0.61 0.75 0.76 

Primorsky-E 09.05.2007 0.22 0.63 −0.54 −0.33* 0.66 0.66 

Primorsky-E 24.03.2007 0.48 0.70 −0.43 −0.15* 0.74 0.74 

Primorsky-E 31.05.2009 −0.15 0.46 −0.54 −0.37* 0.58 0.61 

Chunsky-E 07.05.2007 0.38 0.70 −0.50 −0.53 0.76 0.76 

Chunsky-E 19.09.2006 0.64 0.80 −0.67 −0.52 0.81 0.81 

Chunsky-N 06.10.2006 0.16 0.56 −0.65 −0.60 0.65 0.67 

Chunsky-N 13.04.2009 0.34 0.61 −0.64 −0.58 0.63 0.63 

Chunsky-N 21.08.2006  0.61 0.77 −0.60 −0.36* 0.74 0.76 

Chunsky-N 24.05.2007 0.49 0.69 −0.68 −0.62 0.72 0.73 

*variable is significant at 0.001 < p < 0.002. 

From the Table 4 it can be seen that both, volume and double-bounce scattering power have 

positive correlation and surface scattering has negative correlation with GSV. According to these 

results, we can derive a relationship between the GSV and polarimetric decomposition powers. This 

can be expressed as: 

      
           

     
  (14) 

To simplify Equation (14), it is assumed that GSV is a function of volume-to-ground scattering ratio. 

For lower GSV or sparse forest, the numerator of Equation (14) is smaller and denominator is larger and 

vice versa for dense forest. Figure 9 shows the relationship between GSV and volume-to-ground 

scattering ratio for all the studied areas. 
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Figure 9. Regression between the ratio of double-bounce times volume scattering and 

surface scattering and GSV. Regression parameters are provided in Table 5. 
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For the estimation it is necessary to have a model that as correctly as possible describes the relationship 

between the volume-to-ground scattering ratio and GSV. In previous studies [32,34,35,53–56], for space 

borne L-band coherence and backscatter indicated the exponential behavior with biomass related forest 

parameters. The scatter plots of Figure 9 are suggesting that the response of ratio of volume-to-ground 

scattering to GSV is nonlinear and also exhibits a clear increase of volume-to-ground scattering ratio 

with the increase of GSV. It is never observed to decrease with GSV over all the test areas. This 

nonlinear behavior can be well described by the model which was proposed by Wagner et al. [32], as 

shown in Equation (15): 

                    
 

   

     (15) 
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where the model parameters,σ0 represents the ratio of volume-to-ground scattering values at  

GSV = 0 m
3
/ha (forest floor) and σ− the saturated volume-to-ground scattering ratio for dense forest. 

GSV− gives the rate of volume-to-ground scattering ratio increase with increasing GSV. The model 

parameters, Pearson’s correlation coefficient r, the coefficient of determination R
2
 and standard error 

of estimate are listed in Table 5. Based on the comparison of Table 4 with Table 5 it is said that the 

combination of the polarimetric decomposition powers by means of the ratio results increased 

Pearson’s correlation coefficients. 

Table 5. Estimated regression coefficients for decomposition powers and GSV. For better 

interpretation, a brief summary of weather conditions is provided also in this table. 

Detailed weather conditions are listed in Table 1. 

Forest 

Compartments 
Dates σ0(dB) 

σ− 

(dB) 

GSV− 

(m³/ha) 
r R

2 
SEE 

Weather 

Conditions 

Shestakovsky-N 21.05.2007  −12.6 −3.9 177 0.85 0.70 0.07 Unfrozen, dry 

Shestakovsky-N 10.04.2009 −15.9 −5.1 190 0.80 0.68 0.06 Thaw, wet 

Shestakovsky-N 26.05.2009 −11.8 −3.1 126 0.81 0.75 0.08 Unfrozen, wet 

Primorsky-E 09.05.2007 −10.9 –6.0 114 0.74 0.64 0.08 Unfrozen, dry 

Primorsky-E 24.03.2007 −18.2 −12.2 103 0.78 0.69 0.02 Frozen 

Primorsky-E 31.05.2009 −10.2 −5.7 101 0.70 0.55 0.13 Unfrozen, wet 

Chunsky-E 07.05.2007 −11.8 1.15 594 0.78 0.61 0.07 Thaw, wet 

Chunsky-E 19.09.2006 −12.3 3.1 595 0.81 0.67 0.05 Unfrozen, wet 

Chunsky-N 06.10.2006 −20.3 −12.2 128 0.84 0.79 0.05 Frozen 

Chunsky-N 13.04.2009 −20.0 −12.3 126 0.90 0.82 0.05 Frozen 

Chunsky-N 21.08.2006  −15.3 −5.4 82 0.87 0.81 0.07 Unfrozen, wet 

Chunsky-N 24.05.2007 −15.2 −6.7 80 0.85 0.80 0.08 Unfrozen, dry 

The parameter GSV∞ varied in a wide range when fitting the model to the measurements at the 

forest compartments. The spread of the backscatter measurements was different depending on the test 

site. The ratio of volume-to-ground scattering increased almost linearly without apparent sign of 

saturation up to 430 m
3
/ha in Chunsky-E whereas lowest saturation at 82 m

3
/ha GSV was observed in 

Chunsky-N. This could be due to the spread of the ratio of volume-to-ground scattering measurements 

or lack of forest stands with GSV between 50 m
3
/ha and 150 m

3
/ha. The similar magnitude of Pv(θ) 

and Ps(θ) for high GSV can be one of the reason for lower saturation level which is illustrated in 

Figure 8 (Primorsky-E). Possible reason for the spread of volume-to-ground scattering ratio could be 

related either the forest structure or the accuracy of the measurements. Detailed investigations will be 

analyzed in future study.  

5.3. Impact of Weather Conditions on Polarimetric Decomposition Powers 

The consistencies of the polarimetric decomposition powers Ps(θ), Pd(θ), and Pv(θ) between  

multi-temporal acquisitions were investigated. The temporal consistency of the Pd(θ), and Pv(θ) was 

high with Pearson’s correlation coefficients between 0.80 and 0.96. On the other hand, the temporal 

consistency of Ps(θ) was between 0.55 and 0.72. 
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Figure 10. Mean polarimetric decomposition powers for all acquisition dates. Red, green, 

and blue colors represent double-bounce, volume and surface scattering respectively for 

(a) sparse forest and (b) dense forest. 

 
(a) 

 

(b) 

From Table 5 it has been evident that the estimated values ofσ0 and σ∞ are highly dependent on 

meteorological conditions, being higher at unfrozen conditions and lower at frozen or thawing 

conditions. At frozen conditions, the difference between the ground-to-volume scattering ratio from 

dense forest and sparse forest was 6–10 dB, where it was slightly lower under unfrozen conditions.  

A 5–8 dB difference between unfrozen and frozen condition was measured in sparse forest and dense 

forest Both the values of σ0 and σ∞ for each forest compartments correlate strongly with minimum 

temperature (see Table 1) of the L-band ALOS PALSAR acquisition (between 23:30 h and 23:45 h) 
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time. This may have caused considerable changes in dielectric constant, which as well decrease or 

increase the overall level of volume-to-ground scattering ratio in both forest floor and dense forest. 

The Pearson’s correlation coefficients are greater than 0.90 for both cases.  

To get an overview of how the contribution of polarimetric decomposition powers P(θ) change at 

different meteorological conditions, the normalized values of Ps(θ), Pd(θ), and Pv(θ) have been plotted 

for the corresponding acquisition dates. Figure 10a,b illustrates the mean values for sparse and dense 

forest. The sparse forests, where the forest canopy is characterized by large gaps, represent the stands 

with GSV from 0 to 20 m
3
/ha. Dense forest comprises all stands with a GSV above 250 m

3
/ha. By 

choosing these GSV ranges, a sufficient number of stands are available for each forest class. For the 

different forest compartments, the mean GSV for sparse forest varies between 6 m
3
/ha and 10 m

3
/ha. 

For dense forest, it varies between 273 m
3
/ha and 300 m

3
/ha. 

In sparse forest, surface scattering Ps(θ) is more dominant than volume scattering, Pv(θ), and  

double-bounce Pd(θ). Exceptions are observed at unfrozen and rainy conditions where Pv(θ) is higher 

than Ps(θ) for sparse forest in Primorsky-E (31.05.2009) and in Chunsky-E (19.09.2006). During the 

frozen conditions Ps(θ) is more dominant than at unfrozen conditions. As Ps(θ) increases Pd(θ) and 

Pv(θ) decrease at frozen conditions. 

In dense forest, Pv(θ) in general exceeds Ps(θ) or Pd(θ). At unfrozen conditions volume scattering 

and double-bounce scattering is stable in general. At frozen conditions, Pv(θ) is reduced and increased 

Ps(θ) was observed. Ps(θ) shows the highest scattering power for sparse forest at frozen conditions. 

Pd(θ) decreases slightly at frozen conditions.  

5.4. Impact of Tree Species on Decomposition Powers 

We have investigated the impact of tree species on P(θ) at three different meteorological conditions. 

All stands with a GSV above 150 m
3
/ha have been selected. The four tree species aspen, birch, larch, 

and pine are considered. One problematic issue of this work is that pure stands (only one single 

species) are very rare. Therefore, the tree species that contributes at least 70% in stand were considered 

in this study. In Chunsky-N Aspen was not occurring. The mean and standard deviation of GSV of 

selected stands (>150 m
3
/ha GSV) are given in Table 6. 

Table 6. Mean (μ) and standard deviation (σ) of GSV for aspen, birch, larch, and pine in 

Siberian forests. 

Forest 

Compartments 

Aspen Birch Larch Pine 

μ 

(m
3
/ha) 

σ 

(m
3
/ha) 

μ 

(m
3
/ha) 

σ 

(m
3
/ha) 

μ 

(m
3
/ha) 

σ 

(m
3
/ha) 

μ 

(m
3
/ha) 

σ 

(m
3
/ha) 

Shestakovsky-N 267 28 201 23 242 37 259 46 

Primorsky-E 290 48 205 26 239 53 278 46 

Chunsky-E 266 55 212 24 198 17 302 38 

Chunsky-N — — 172 13 225 30 250 52 

The stand-wise mean values of Ps(θ), Pd (θ), and Pv(θ) for aspen, birch, larch and pine are depicted 

in Figure 11a–c for unfrozen, thawing, and frozen conditions respectively. At unfrozen and thawing 

conditions it has been observed (Figure 11a,b) that the scattering decomposition powers are not very 



Remote Sens. 2013, 5 5747 

 

sensitive to tree species. Nevertheless, larch always shows the highest surface scattering. At thawing 

conditions (Figure 11b), double-bounce shows only 0.5 dB difference between deciduous trees and 

coniferous trees in Shestakovsky-N. 

Figure 11. Mean decomposition powers over dense forests (GSV > 250 m
3
/ha) separated 

by tree species at (a) unfrozen, (b) thawing and (c) frozen conditions. Red, green, and blue 

colors represent double-bounce, volume and surface scattering respectively. 

  

  
(a) 

  

(b) 

  
(c) 

Two images in Chunsky-N and one image in Primorsky-E were acquired at frozen conditions 

(Figure 11c). Ps(θ) is higher than Pv(θ) at both forest compartments, Pd(θ) has the lowest contribution. 

Compared to unfrozen conditions, Pv(θ) and Pd(θ) are clearly reduced. During frozen conditions, the 

impact of the tree species on P(θ) is even smaller than at unfrozen conditions. 
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6. Discussions 

6.1. Growing Stock Volume Estimation Using Polarimetric Information 

In the Table 4 it is demonstrated that both, P and P(θ) show the similar direction of correlation with 

GSV. A high positive correlation for the volume scattering (r = 0.81; p-value < 0.001), a high positive 

correlation for the double-bounce scattering (r = 0.80; p-value < 0.001), and a high negative 

correlation for the surface scattering (r = −0.72; p-value < 0.001) have been observed for P(θ). The 

physical explanations for the observed relationships are (i) at low GSV there are many gaps in the 

canopy which increase the surface scattering; (ii) as the vegetation grows the canopy covers most of 

the ground which increases the volume scattering and decreases the surface scattering; (iii) the growth 

of the tree trunk increases the double-bounce scattering power. 

Kobayashi et al. [28] applied Yamaguchi’s four-component decomposition scheme to ALOS 

PALSAR L-band data to compare the decomposition powers with the forest parameters tree height, 

tree diameter, and stand volume in tropical forest. The authors showed that surface and volume 

scattering powers are slightly better positively correlated with the forest parameters after the rotation 

of coherency matrix. The surface scattering was negatively correlated and volume scattering was 

positively correlated with forest parameters. They found that there was no correlation between  

double-bounce and forest parameters. This could be due to the vestigial canopy effects in tropical 

forest. Different direction of correlation between GSV and decomposition power has been observed  

by Goncalves et al. [27]. They used airborne L-band SAR data to apply the Freeman-Durden 

decomposition [12] and showed that all the decomposition scattering powers were positively correlated 

with the stem volume of a tropical forest. 

In our work, the rotation of the coherency matrix resulted in increased correlation between Pd(θ) 

and GSV in all study areas. Regarding the other polarimetric parameters, the rotation of the coherency 

matrix had almost no impact. This could be due to the fact that at L-band the penetration of the wave 

through the canopy might not be sufficient, resulting in noisy POAs in forested areas [47]. The authors 

investigated the POA measurements by applying JPL AIRSAR C-, L- and P-band data over the forest 

in Freiburg, Germany on 15 June 2001. They found that P-band data has deeper penetration than the  

C- and L-band in the heavy forested areas. Thus, the POA cannot be estimated accurately with ALOS 

PALSAR L-band in dense forest areas with varying topography. Further support to our assumptions 

was found in Li et al. [57]. The authors investigated that it is difficult to estimate accurate topography 

POA over vegetated terrain using L-band POLSAR data. 

Goncalves et al. [27] set up a model by using multi-linear regression model of several incoherent 

and coherent attributes including volume scattering power of Freeman-Durden decomposition [12]. 

They showed that the GSV can be retrieved up to 308 m
3
/ha. In this study, the high correlation 

coefficients for double-bounce and volume scattering provide the possibility to estimate the  

GSV. Despite the considerable effects of meteorological (unfrozen/frozen/thawing conditions) and 

environmental (snow properties) conditions, the temporal consistency of the Pd(θ) and Pv(θ) is high. 

This stability indicate the degree to which Pd(θ) and Pv(θ) change consistently that may be related to 

the robustness of using Pd(θ) and Pv(θ) to characterize GSV. Since the correlation for the surface 

scattering power is not consistent and strong enough for all the forest compartments, it should not be 
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considered for the GSV estimation. The inconsistent behavior could be due to (i) moisture effects and 

heterogeneity of dielectric properties due to the larger test sites; (ii) growth of small trees or forest 

understories; (iii) potential differences between forest inventory data from 1998 and the GSV at the 

time of the SAR acquisition; and (iv) potential inaccuracies of the forest inventory data. 

The correlation between polarimetric decomposition parameters and GSV is improved (r varies 

between 0.70 and 0.90, p-value < 0.001) if volume-to-ground scattering ratio, i.e., the ratio of Pd(θ) 

times Pv(θ) and Ps(θ) is used instead of individual polarimetric decomposition powers. The idea has 

been developed quantitatively using the two layer approach of surface and volume scattering in forest. 

When volume-to-ground scattering ratio is small, GSV is low and when volume-to-ground scattering 

ratio is large, GSV is high. The relations shown in Figure 9 and Table 5 indicate that the sensitivity of 

the volume-to-ground scattering ratio for GSV is increased and a large dynamic range is observed at 

all forest compartments. The spread in the data can depend on the spatial distribution of trees, canopy 

architecture, canopy moisture content, soil roughness and moisture. 

The only exception has been found for the image acquired on 31 May 2009 at Primorsky-E. 

Medium Pearson’s correlation coefficients r < 0.61 for the polarimetric decomposition powers, P(θ) 

and a relatively lower coefficient of determination R
2
 = 0.55 for volume-to-ground scattering ratio has 

been observed. This could be due to a heavy impact of weather conditions. According to the weather 

data records (see Table 1) it didn’t rain on the day of the SAR acquisition; however moderate rain 

(16 mm) was observed during the past three days before the acquisition. 

6.2. Impact of Weather Conditions 

The contributions of decomposition scattering powers depend on the environmental conditions at 

the time of acquisition. In sparse and dense forests, the behavior of surface scattering power and 

volume scattering power are opposed. At all the forest compartments, surface scattering power is 

dominant in sparse forest at unfrozen and dry conditions, while in dense forest the volume scattering 

power is dominant. 

At unfrozen and wet conditions, the volume scattering is higher than the surface scattering in sparse 

forests. This could be due to the increased moisture content of the canopy resulting in decreased 

penetration. Therefore, the ground contribution is decreased. Under these circumstances, the volume 

scattering power can be as high as for dense forest. The higher dielectric constant of water under 

unfrozen and wet conditions makes the surface smoother and increase double-bounce scattering. 

At frozen conditions, the surface scattering power is higher than the volume scattering power in 

dense forest. The differences between the contributions of scattering power from sparse and dense 

forests are nearly the same. In winter, canopies are frozen. Thus, the transmitted electromagnetic wave 

penetrates deeper into the canopy and a great amount of backscatter comes from the ground and the 

contribution of double-bounce and volume scattering decreases. The contribution of double-bounce is 

higher in dense forest than in sparse forest. This could be due to a large number of tree trunks within a 

radar resolution cell. Though the impact of snow is not thoroughly investigated, it is assumed that at  

L-band the impact of dry snow can be neglected. 

Although several studies have shown the importance of the double-bounce scattering mechanism at 

L-band [58,59] but in this work, the double-bounce contribution is in general smaller than the volume 
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and surface scattering power. If the forest floor is smooth, ground-trunk interactions can significantly 

contribute to the total backscatter. However, in the forest many factors slope, dead wood, 

understories, etc. influence this kind of scattering mechanism. In Siberian forests, the floor often 

exhibits small bushes and trees, which can reduce the double-bounce scattering power. Double-bounce 

is also reduced, if the angle between trunk and ground surface is not equal to 90 degrees. This occurs 

in areas with pronounced topography and if the trunks are tilted. Further support to the assumption was 

reported by Pulliainen et al. [60], and Ranson and Sun [61]. They found the double-bounce term in 

boreal forests is negligible because of rough surface ground and strong attenuation in coniferous and 

broadleaf types of forest. Baker and Luckman [25] investigated the importance of double-bounce, 

surface and volume scattering in boreal forests with L-band EMISAR airborne sensor. The authors 

showed the dominance of volume scattering relative to the double-bounce scattering. 

6.3. Impact of Tree Species 

The geometrical properties of trees (e.g., crown shape, alignment of tree components) and 

environmental conditions (undergrowth, water consumption, interception, wind susceptibility, etc.) 

affect the polarimetric decomposition scattering composition. In this paper, the impact of polarimetric 

decomposition powers for aspen, birch, larch, and pine have been investigated at three different 

meteorological conditions: unfrozen (dry and wet), thawing and frozen. 

Spatiotemporal variability of environmental conditions during the growing season (precipitation, 

soil moisture change, growth, etc.) result in increased spread (inter and intra species) variance of 

decomposition powers. At unfrozen conditions, the impact is increased in particular for larch. In 

Chunsky-N larch differs from other tree species by +2dB surface scattering power at unfrozen 

conditions. At the other sites the same behavior is observed, however the difference is slightly smaller 

than +2dB.The double-bounce and volume scattering power for larch was also differed by −1.5 dB and 

−1.2 dB respectively from other tree species in Chunsky-E. 

Pine is conifer tree while aspen, birch and larch are deciduous and deciduous conifer respectively 

and have no leaves and needles during the early spring or late autumn when the ALOS PALSAR  

L-band images are acquired. During the leave-off periods because of the canopy transparency the 

attenuation of the electromagnetic wave decreases resulting in decrease of volume scattering and hence 

also increases of double-bounce and surface scattering. In Figure 11a, among the deciduous trees only 

larch shows higher surface scattering power than others. Moreover, larch shows (not illustrates in this 

Figure) the similar behavior i.e., higher surface scattering power for the image acquired at summer 

season (21 August 2006) in Chunsky-N. No difference of polarimetric decomposition powers between 

aspen and birch are observed. Therefore, the impact of larch cannot be due to the effect of seasonality 

but rather the structure of the tree. 

The higher surface scattering power from larch forest can indicate that the canopy are more 

transparent to the electromagnetic wave and a large part of radar backscatter power comes from the 

ground. This could be due to the different canopy structures, different needles arrangement, less dense 

canopy. Moreover, there could be fewer understories in the larch forest stands and surface is smoother. 

Watanabe et al. [26] investigated the contributions of polarimetric coherence, double-bounce, surface 

and volume scattering power for spruce, fir, and larch forest in cool-temperate forest in northern Japan. 
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The results showed higher coherence value and surface scattering powers for larch forest. However, 

the physical significance of observed results is not discussed. 

At frozen conditions, the impact of tree species on polarimetric decomposition power is very low 

and all tree species follow the same trend, no noticeable deviations occur. Because of the frozen 

canopy, geometric properties of tree species are of less importance. Therefore, the structural 

differences between the tree species cannot be distinguished. The species related shape and structure of 

the canopy have less impact on the polarimetric decomposition powers. Moreover, due to freezing the 

dielectric constant of the trees is reduced [62] and the forest ground is more exposed. This results in 

decreased attenuation and higher ground contribution. Thus, the amount of scattering within the 

canopy is decreased [63,64]. 

7. Conclusions 

This paper considers several aspects for the possibility of GSV estimation in boreal forest at stand 

level using polarimetric information. Four forest compartments located in Central Siberia have been 

considered for the investigation. The four-component power decomposition method has been applied 

to the L-band ALOS PALSAR fully polarimetric data to compare the decomposition powers to the 

GSV and the impact of different meteorological conditions. The dependence of the decomposition 

powers on the tree species was also investigated. The main results of the study are as follows: 

1. Double-bounce and volume scattering powers show significant correlation with growing stock 

volume. The correlation between GSV and surface scattering is found to be inconsistent. 

2. The importance of the LOS rotation is demonstrated, as the correlation between double-bounce 

scattering power and GSV could be significantly improved. 

3. The correlation between polarimetric decomposition parameters and GSV is enhanced if the ratio 

of volume-to-ground scattering, which is the ratio of volume scattering times double-bounce and 

surface scattering, is used instead of considering polarimetric decomposition powers separately. 

The volume-to-ground scattering ratio shows a high sensitivity to GSV. A relatively higher 

dynamic range is observed for all the investigated areas in Siberia. 

4. The contribution of decomposition powers over the sparse and dense forest depends on the 

meteorological conditions. At unfrozen conditions, surface scattering is dominant in sparse 

forests while in dense forests volume scattering is dominant. During thawing conditions, volume 

scattering in sparse forests is increased. The scenario is totally different at frozen conditions for 

dense forest, where the surface scattering power is higher than the volume scattering power. 

5. The stands dominated by larch species show higher surface scattering power than other tree 

species. Larch differs from aspen, birch and pine by +2 dB surface scattering power at unfrozen 

conditions. The double-bounce and volume scattering power for larch was also differed by  

−1.5 dB and −1.2 dB respectively. At frozen conditions, the impact of tree species on 

polarimetric decomposition powers is observed to be very small. 

GSV estimation based on polarimetric data does not require multi-temporal data, as required for 

POLINSAR techniques. Furthermore, thanks to PALSAR polarimetric L-band data are already 

available for many areas on the globe, while suited POLINSAR datasets are still missing. 
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