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Abstract

The potential of ALOS-2 SAR data for the estimation of tropical forest structural characteristics
was assessed in Vietnam by collecting forest inventory data. The effect of polarization and seaso-
nality of the SAR data on the estimation of forest biomass was analyzed. The combination of HH,
HV, and HH/HV polarizations using multiple linear regression did not improve the estimation of
biomass compared to using the HV channel independently, as the HH and HH/HV variables were
not statistically significant. The dry season HV backscattering intensity was highly sensitive to the
biomass compared to the rainy season backscattering intensity. The SAR data acquired in the
rainy season with humid and wet canopies was not very sensitive to the biomass. The strong de-
pendence of the biomass estimates with the season of SAR data acquisition confirmed that the
choice of right season SAR data is very important for improving the satellite based estimates of the
biomass. The validation results showed that the dry season HV polarization could explain 54%
variation of the biomass.
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1. Introduction

Forest biomass plays an important role in global carbon cycle [1]-[3]. However, global forest area has decreased
by about 5.3 million hectares per year between 1999 and 2010; and deforestation is continuing everywhere [4]-
[7]. Accurate monitoring of forest biomass and CO, sequestration rates are immensely important for increasing
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understanding of carbon cycles, improving climate change forecasting models, and climate change mitigation
and adaptation strategies [3] [8] [9]. Monitoring of forest carbon is also necessary for the United Nation’s pro-
gram on Reducing Emissions from Deforestation and Degradation (REDD+), a financial payment mechanism
for environmental services [8] [10].

Satellite remote sensing has been widely used for estimation of biomass. However, optical data saturates over
high biomass regions, and detection of vertical structure is difficult [3] [11]-[14]. Therefore, multi-angular re-
mote sensing based bi-directional reflectance data have been tried for improving the retrieval of canopy struc-
tural information [15] [16]. At a local scale, lidar sensors have provided better estimates of biomass and woody
volume by directly measuring the structure of forest [12] [17]-[25]. Synthetic Aperture Radar (SAR) data has
high potential for the estimation of forest structural parameters because long-wavelength radar signals can pene-
trate into forest canopy, and it is unaffected by clouds, and day or night [3] [26]-[37]. The major techniques for
SAR based estimates of biomass are regression modelling [28] [38]-[40], dual-wavelength SAR interferometry
[41]; image texture analysis [42]; random volume over ground model [35], water cloud model [43], combination
of forest structure and radiative transfer models [36], and electromagnetic modelling [44].

SAR data have been used for estimation of biomass from local to regional/country level such as pine planta-
tion in Southwest Alabama [27], Mount Sharsta region of Northern California [45], plantation forest of the
Landes forest in southwestern France [28], Brazilian Amazon [30] [37], Nuuksio Natural Park in Southern Fin-
land [46], Queensland in Australia [47], Mozambique in Zambézia province [40], Cameroon [44] and Japan [48]
as some examples. However, backscattering mechanism in forests is very complex due to multi-level interaction
of the scatterings with several horizontal and vertical components of trees. It is also affected by the environmen-
tal conditions. Different kinds of backscattering phenomena in forests such as diffused scattering from the
ground, direct scattering from thin and dense vegetation parts, double bounce vegetation-ground interaction, di-
rect backscattering from the canopy, volume scattering from within the forest canopy, and shadowing have been
reported [26] [49]-[53]. Backscattering intensity is also affected by a number of site conditions such as envi-
ronmental temperatures [54] [55], textures [56], moistures [57]-[62], roughness [57] [59] [63] [64], terrain
slopes [39] [44] [64] [65], forest species and cover [52] [66] [67], and forest stand age and canopy structure [48]
[42] [68].

The previous SAR based biomass models established especially at a large area have usually used the SAR
data without considering the season of the year when the satellite data was acquired. As a result, there are un-
certainties on the application of these models into new forest areas. Therefore, this research was conducted in a
tropical forest to assess the uncertainties associated with the estimation of biomass by collecting in situ forest
data. This research attempted to answer whether the ALOS-2 based SAR data are really capable of estimating
forest structure and biomass in high biomass regions, and whether biomass estimates vary with the season and
polarization of SAR data.

The paper is organized as follows: Sections 2 and 3 describe the study area and data used. The procedure on
in situ forest measurements, and SAR data based analysis of forest structure is explained in Section 4. Section 5
presents results on polarization and seasonal effects of the SAR data on the estimation of forest structures.

2. Study Area

This research was carried out in Yok Don National Park, the largest national park in Vietnam which is located in
the Central Highlands region. This park is very rich in biodiversity where 474 vascular plant species have been
recorded [69]. This park is one of the most important protected area in Southeast Asia providing important habi-
tat for conservation of globally endangered species such as Indochinese tiger and Asian elephant.

This park has two major types of forest: deciduous broadleaf forest and evergreen broadleaf forest [69]-[73].
The dominant tree species in the deciduous broadleaf forest are Dipterocarpus tuberculatus, Dipterocarpus ob-
tusifolius, Terminalia tomentosa, and Shorea obtuse. The evergreen broadleaf forest mainly comprises of Mi-
chelia mediocris, Cinamomum iners, Syzygium zeylanicum, Syzygium wightianum, Garruga pierrei, Gonoca-
ryum lobbianum, Schima superba, Camellia assamica, and Lithocarpus fenestratus. The forest inside the park
has diverse types of soils including brown, red-yellow, and black soils [74]. This park contains relatively plain
topography and is located at an altitude of 200 - 300 m above sea level [75]. The location map of the Yok Don
National Park is shown in Figure 1.

The climate of this region is tropical monsoon type which has a well-defined dry season between October and

()



L. V. Nguyen et al.

107°30'0"E  107°35'0"E  107°40'0"E 107°45'0"E  107°50'0"E

13°0'0"N 13°5'0"N 13°10'0"N

12°55'0"N

Cambodia

12°50'0"N

12745'0"N
12°45'0"N

3 2

0'0"E 107°35'0"E 107°40'0"E 107°45'0"E  107°50'0"E

107°3

Figure 1. Location map of the study area displaying the boundary of Yok Don National Park (yellow polygon) in Central
Highlands region, Vietnam.

April, and typical rainy season between May and November. The mean annual rainfall is 1540 mm, and mean
monthly temperature is around 25°C. The well-defined distinction of the climate between the dry and rainy sea-
sons found in this forest provides an ideal site to analyze how the backscattering intensity varies with the sea-
sons, and to know how the seasonal variation of the backscattering intensity affects the estimation of biomass.
Moreover, this forest with dense and multi-strata canopies consisting of diverse tree species in tropical monsoon
setting provides an opportunity to analyze how the backscattering intensity is sensitive to large biomass. The
analysis on sensitivity of backscattering intensity is required for improving the SAR based estimates of the bio-
mass particularly in the dense and multi-strata tropical rain forests.

3. Acquisition and Processing of ALOS-2 SAR Data

We used synthetic aperture radar (SAR) data from ALOS-2 satellite which has been operating since May 2014
and provides SAR data in L-band. We used ALOS-2 version 2.1 polarized SAR data in HH and HV polariza-
tions with pixel resolution of 6.25 m and it was available as a geometrically corrected product. The digital num-
ber (DN) values of the SAR images in both the HH and HV polarizations were calibrated by calculating the
backscattering intensity using the Equation (1) [76].

o° =10xlog10 (DN*)+CF (1)

In Equation (1), the ¢° is the sigma-naught backscattering intensity in the units of decibels (dB), and CF is the
calibration factor which is currently set as —83 [76]. We used two scenes of the ALOS-2 data covering our study
area and representing each of the rainy (October) and dry season (February).

The precipitation condition of the study area is shown in Table 1. As shown in the table, the rainy 3 months
received mean of 190.2 mm rainfall whereas the dry 3 months received absolutely no rainfall [77].

The description of ALOS-2 SAR data used in the research are shown in Table 2. Both dry and rainy season
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Table 1. Summary of the precipitation condition of the study area.

Year 2014 2015
Months Aug. Sept. Oct. Jan. Feb. Mar.
Total rainfall (mm) 170.8 204.7 195.3 0 0 0
Max. rainfall per day (mm) 53.0 59.5 355 0 0 0
Min. rainfall per day (mm) 1.0 1.0 1.0 0 0 0
Total number of rainy days 14 16 14 0 0 0

Table 2. Description of the ALOS-2 PALSAR-2 data used in this research.

No. Observation date (time) Scene ID Polarizations  Obs. angle Seasons
1 2014-10-05 (16:56:51) ALO0S2019900240-141005-FBDR2.1GUA HH, HV 32.9° Rainy
2 2014-10-05 (16:56:51) ALO0S2019900250-141005-FBDR2.1GUA HH, HV 32.9° Rainy
3 2015-02-22 (16:56:50) ALOS2040600240-150222-FBDR2.1GUA HH, HV 32.9° Dry
4 2015-02-22 (16:56:50) ALOS2040600250-150222-FBDR2.1GUA HH, HV 32.9° Dry

SAR images acquired with the same off-nadir angle (32.9°) in descending modes were used in order to avoid bi-
as related to observation angles.

4. Methodologies
4.1. In Situ Measurements

Field measurements were conducted in April, 2015 by establishing sample plots according to the inventory
guideline available for the Central Highlands region of Vietnam [78] [79]. Altogether, 110 sample plots were
established by meeting a criteria of representativeness of different forest types across the study areas. The au-
thors carefully designed the sample plots in such a way that they were at least 100-m apart from trails, roads,
streams, and rivers to avoid the signals from unwanted surface types for sensitivity analysis.

Each sample plot established during the forest inventory was (100 m x 100 m) with an area of 1 ha. The di-
ameter at breast height (D) and total tree height (H) of all the trees larger than 5 cm diameter at breast height lo-
cated inside the sample plots were measured. The tree diameter and height were measured by using laser diame-
ter and laser height instruments respectively. The central geo-location (latitude and longitude) of each sample
plot was also recorded by using GPS instrument. The taxonomy of tree species was also recorded during the
field inventory following the Vietnam Flora book [80]. The sample plots represent 110 hectares forest area
which is nearly 0.1% of the total study area.

The distribution of sample plots used in this research are shown in Figure 2 using RGB color composite of
the SAR images. Distinct variation between the rainy season and dry season RGB images in Yok Don National
Park were observed as demonstrated in Figure 2.

4.2. Calculation of Forest Structural Parameters

The individual tree data: diameter at breast height (D) and total tree height (H) were used to calculate above
ground biomass (AGB) using the allometric equations. We used separate allometric equations for calculating the
AGB of the deciduous and evergreen forests [79]. The allometric equations used for calculating the AGB of de-
ciduous and evergreen forest types are given in Equation (2) and Equation (3) respectively.

AGB =0.14x D** 2

AGB =0.098xexp(2.08x Ln(D)+0.71xLn(H)+112xLn(WD)) 3)
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Figure 2. The distribution of the location of sample plots established during field survey over the RGB color composite im-
ages: (a) Dry season RGB image, and (b) Rainy season RGB image. The RGB color composite image was created by using
the HH channel for red (R), HV channel for green (G), and the ratio HH/HV for blue (B).

In Equations (2)-(3), AGB is the above ground biomass of a tree in kilograms (kg); D is the diameter at breast
height measured at 1.3-m above the ground level in meters (m); H is the total height of tree in meters (m); WD is
the wood density of tree in tones dry matter per fresh cubic meters (ton/m?). The species-specific wood density
(WD) data were obtained from the forest carbon measurement guidelines prepared by the IPCC [81]. The spe-
cies-specific wood density data were used for calculating the AGB in evergreen forests due to large number of
tree species present in these forests with varying amount of AGB. The allometric equations of the AGB in Equa-
tion (2) and Equation (3) gives total biomass of a tree including all the stems, branches and leaves.

4.3. Sensitivity Analysis

Averages of the forest structural parameters: basal area (BA), tree height (H), and above ground biomass (AGB)
were calculated per each sample plot. The sample plots represent larger variation of the diameter at breast height
(8.1 - 48.4 cm), tree height (6.3 - 18.2 m), and biomass (42 - 350 Mg-ha ). For each plot, mean backscattering
intensity of HH and HV polarization data were calculated using 16 x 16 pixels equivalent to 100 m x 100 m plot
size. Then the relationship between forest structural parameters and backscattering intensity was analyzed by
randomly selecting 55 sample plots for training and 55 sample plots for validation. The sensitivity of the back-
scattering intensity to the biomass was statistically analyzed by using simple linear regression and multiple li-
near regression analysis. The coefficient of determination (R?) in Equation (4) and root mean square error
(RMSE) in Equation (5) were used as the metrics for evaluating the relationships.

R _1_ Explained Sum of Squares "

Total Sum of Squares

RMSE = \/EZ(predicted value — observed value)2 ®)

()
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5. Results and Discussions
5.1. Backscattering Intensity vs. Structural Parameters

The sensitivity of structural parameters to the backscattering intensity of HV and HH polarizations for the dry
season and rainy season was analyzed using the coefficient of determination (R%) and root mean square error
(RMSE). The results of the relationship between structural parameters and SAR data in the dry season are
shown in Figure 3.

The relationship between structural parameters and SAR data in rainy season are shown in Figure 4.

The summary of the relationship between field-measured forest structural parameters and SAR data are
shown in Table 3.

This analysis showed that vertical structural parameters, i.e., tree height was not closely related to the SAR
data acquired in both dry and wet season than the horizontal structural parameter, i.e., basal area (BA).

5.2. Effect of Polarization

The sensitivity of biomass to the backscattering intensity of the HV and HH polarizations of the dry season was
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Figure 3. The relationship between structural parameters and backscattering intensity during dry season: (a) basal
area and backscattering intensity (HV); (b) basal area and backscattering intensity (HH); (c) tree height and back-
scattering intensity (HV); (d) tree height and backscattering intensity (HH).
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Figure 4. The relationship between structural parameters and backscattering intensity during rainy season: (a) basal
area and backscattering intensity (HV); (b) basal area and backscattering intensity (HH); (c) tree height and back-
scattering intensity (HV); (d) tree height and backscattering intensity (HH).

Table 3. Summary of the relationship between field-measured forest structural parameters and SAR data using linear
regression analysis based coefficient of determination (R?) and root mean square error (RMSE).

Season Relationship R? RMSE
HV and basal area 0.47 6.22
HH and basal area 0.23 9.13
Dry
HV and tree height 0.20 2.36
HH and tree height 0.05 2.82
HV and basal area 0.27 8.58
HH and basal area 0.04 113
Rainy
HV and tree height 0.11 2.97
HH and tree height 0.02 291
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analyzed using the coefficient of determination (R?) and Root Mean Square Error (RMSE). As shown in Figure
5, the HV polarization was highly related to the biomass (R? = 0.57, RMSE = 35.49 Mg-ha *); whereas the HH
polarization did not show a significant relationship with the above ground biomass (R? = 0.28, RMSE = 59.35
Mg-ha™).

Similarly, the sensitivity of biomass to the backscattering intensity of the HV and HH polarizations for the
rainy season is shown in Figure 6. The HV polarization was related to biomass (R* = 0.34, RMSE = 54.38
Mg-ha™) better than the HH polarization for the biomass (R? = 0.0039, RMSE = 82.59 Mg-ha ).

The summary of the relationship between field-measured biomass and SAR data are shown in Table 4.

The high sensitivity of the HV polarization to the biomass was found for both the dry and rainy season SAR
data than the HH polarization. This analysis highlighted the importance of HV polarization for the estimation of

biomass.

5.3. Effect of SAR Seasonality on Biomass

The sensitivity of the SAR data (HV and HH polarizations) acquired during dry season and rainy season on
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Table 4. Summary of the relationship between field-measured biomass and SAR data using linear regression analysis based
coefficient of determination (R?) and root mean square error (RMSE).

Season Relationship R? RMSE
HV with biomass 0.57 35.49
Dry
HH with biomass 0.28 59.35
HV with biomass 0.34 54.38
Rainy
HH with biomass 0.0039 82.59

biomass were shown in Figure 5 and Figure 6 respectively. The dry season backscattering intensity of the HH
and HV polarizations was highly sensitive to the biomass than the rainy season backscattering intensity. The
higher relationship between the dry season HV polarization and biomass (R?> = 0.57, RMSE = 35.49 Mg-ha %)
was obtained. However, the relationship between the rainy season HV polarization and biomass was relatively
lower (R? = 0.34, RMSE = 54.38 Mg-ha ) than the dry season. This analysis suggests that dry season SAR data
is more important for estimating the biomass than the rainy season data. The effect of seasonality for the SAR
data was clearly observed in this research.

We also analyzed multiple linear regression between the SAR data (HH, HV, and HH/HV) and biomass using
both the dry and rainy seasons SAR data. The summary of the relationship between the field-measured biomass
and SAR data are shown in Table 5.

As shown in Table 5, the adjusted coefficient of determination (R?) between the biomass and three indepen-
dent variables (HH, HV, and HH/HV) was 0.58. However the p-value of the HH was 0.21 (>0.05) and HH/HV
variables was 0.19 (>0.05) which were not significant; whereas only the HV variable with p-value 0.000 (<0.05)
was significant. Similar results were obtained for the rainy season SAR data as well. This analysis confirmed the
importance of HV polarization mainly from the dry season.

5.4. Validation Results

The separate set of validation data from 55 sample plots was used to test the validity of the biomass prediction
model obtained with the training data. As shown in Figure 7, the model obtained with the training data could
explain 54% variation of the biomass (R? = 0.54, RMSE = 34.09 Mg-ha %).

6. Conclusion

Forest structural characteristics such as diameter at breast height, tree height, basal area, and above ground bio-
mass were quantified by conducting field measurements in a tropical forest in Vietnam. The sensitivity of the
structural characteristics to the polarizations of ALOS-2 SAR data, and to the season of the acquisition of the
SAR data was analyzed. The regression analysis showed that horizontal structural parameter (basal area) was
closely related to the SAR data than the vertical structure (tree height). However, combination of both the hori-
zontal and vertical parameter as above ground biomass showed moderate sensitivity to the SAR data. Strong
dependence of the estimation of biomass with the polarization and season of SAR data was found. Above
ground biomass did not correlate with the rainy season HV polarization data as highly as the dry season HV po-
larization data. The combination of the HH, HV, and HH/HV channels by multiple linear regression did not im-
prove the estimates of the biomass than using HV channel independently since the HH and HH/HV variables
were not statistically significant (p-value > 0.05). Therefore, this research concluded that the choice of right
season in which SAR data is acquired is an important consideration for satellite based estimates of the forest
structure. In tropical forests where the dry and rainy season are well-defined as in the case of our study area, the
rainy season with frequent and plenty of rainfall and cloudy sky keeps the forest canopy wet and humid. Since
the SAR backscattering intensity is highly sensitive to the surface moisture, the SAR data acquired in the rainy
season is not sensitive to the forest biomass. The validation of the linear regression model fitted with the dry
season HV polarization provided explanation of 54% variation of the biomass.
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Table 5. Summary of the relationship between field-measured biomass and SAR data using multiple linear regression analy-
sis based coefficient of determination (RZ) and p-value.

R? (p-value) with AGB

Seasons
HV HH HH/HV
Dry season 0.58 (0.000) 0.58 (0.21) 0.58 (0.19)
Rainy season 0.36 (0.000) 0.36 (0.17) 0.36 (0.17)
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Figure 7. The validation result: above ground biomass versus dry
season HV data. The 1:1 plot between the predicted and observed
data are shown.
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