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Abstract. This study presents the capability of full polarimetric PALSAR ALOS attributes to improve the aboveground biomass (AGB) modeling of forests affected by fires in the Brazilian Amazon (State of Roraima). To perform this study, we carried out multivariate regression, using coherent and incoherent SAR attributes and AGB values estimated through biophysical parameters obtained during the forest inventory. The PALSAR data were calibrated both radiometrically and geometrically to extract the polarimetric informations. In summary the results were: (a) considering
the polarimetric signatures, we observed a higher scattering contribution of VV polarization in
lightly burned forests, whereas there was a dominance of HH polarization scattering in the areas
with the interannual recurrence of biomass burning; (b) the most significant variables for this tropical forest biomass modeling were: the anisotropy (A) derived from the eigenvectors and eigenvalues of Cloude & Pottier target decomposition; the orientation angle (ψ2) of second component of
Touzi decomposition; the double-bounce scattering component (Pd) of Freeman & Durden decomposition; and also, the Volumetric Scattering Index (VSI) of Pope model. In order to validate this
model using PALSAR images, a cross-validation method (leave-one-out) was performed, which
indicated a prediction average error of 23% to estimate the stock density of forests affected by fire
actions, where the AGB levels were reduced up to 60%. This study confirm that L-band PALSAR
data can be applied to quantify and monitoring the carbon stocks in the tropical forest affected by
fire, with an adequate accuracy, similar to that presented by traditional forest inventories.
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1. Introduction
The availability of updated information on the geographical scope and extent of burned areas is
critical to evaluate losses as well as socio-economic and ecological effects, allowing the reorientation of policies on land occupation. This information are also useful for the subsidization of
atmospheric and climate impacts models (particulate emissions and transportation) due to burning
of plant biomass contained in this type of anthropization [1], [2] and [3].
Images from the NOAA/AVHRR satellite series and the AQUA and TERRA/MODIS platforms,
as well as MERIS (Medium Resolution Imaging Spectrometer), have long been used for the detection of forest fires and the positioning of these areas affected by burning, as cited as in [4] and [5].
Studies of emissions from biomass burning in South America [3] include the research of [6] in
the cerrado (savanna) of Brazil central region and the Amazon rainforest. These studies show estimates of aboveground biomass (kg.m-2) and combustion factor (fraction of biomass actually
burned) ranging from 0.71 and 100% until 1.00 and 84% according to the cerrado facies, from
12.14 and 43% for secondary forest and from 29.24 and 52% for primary forests. Biomass estimates
for various Amazonian sites vary widely, constituting one of the main sources of uncertainty in the
estimates of carbon fluxes associated with land use change.
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In this context, considering that the area of the present study is located in the northern part of
Brazilian Amazon, it is interesting to read the papers [7] and [8], who analyze the effects of floristic-structural degradation due to the fire history of forest biomass. These two works support the objective of the present study, which makes use of full polarimetric data from the PALSAR radar to
improve the aboveground biomass (AGB) modeling of forests affected by fires.
The use of radar data in recent studies of tropical forests has demonstrated several applications:
the characterization of tropical forest typology [9] and [10]; the analysis of polarimetric responses
of forest targets [11]; and the use of biophysical parameters for volumetric and biomass modeling
[12], [13], [14] and [15]. Specific studies employed a fusion of optical and radar data for detection
and spatial assessment of forests affected by fires in the tropics [16] and [17]. However, it is important to note that this present work is considered innovative in the Brazilian Amazon as it deals
with polarimetric attributes for the characterization and modeling of biomass in forest areas affected
by historical incidence of fire. This line of research with radar data is important in supporting estimates of carbon sequestration and degradation of tropical landscape, as quoted in [18].
2. Material and Methods
The study area is located in State of state, in the extreme north of the Brazilian Amazon (W 61°
03' – W 61° 46' and N 02° 09' – N 02° 47'). This area was indicated as the center point of the great
fire of Roraima in 1998, whose uncontrolled occurrence originated from the use of fire as a traditional practice of land conversion and clearing, and, under the influence of "El Niño" [19], reached
forests and savannas. The climate of this region is rainy tropical with a dry season from December
to March. The forest mosaic is composed of Tropical Rain Forest (Dense and Open) and Seasonal
Forest in a transition zone with savannas.
Two PALSAR ALOS images (L-band) in the complex format (SLC), full polarimetric mode
and ascending orbit, were used. The acquisition dates of these images corresponded to April14th,
2009 and May 30th, 2009, with angles of incidence of 23.96° and 25.78° respectively, and with resolution in slant x azimuth of ~ 9.4 m x 3.6 m.
Polarimetric and radiometric calibrations and a resampling procedure (multi-look) were initially
performed on these images, followed by the application of a modified Lee filter with a window size
of 5x5 pixels. The complex scattering matrix, comprising amplitude and phase values, possesses
different polarimetric characteristics described by a set of radar attributes that express the behavior
specific to each forest target. This allowed the configuration of the polarimetric signatures [20] of
each forest class for a given region of interest (ROI) – a sample area that includes a sufficient number of representative pixels of theme, reducing the statistical uncertainties and the influence of the
speckle noise – previously defined in the radar images, with consideration of the frequency of fire
over the years. It also allowed for the extraction from the complex matrix of the coherent and incoherent attributes that would subsequently be related to the values of aboveground biomass.
The following incoherent attributes, which are based on information from the real part of each
pixel, were considered: backscatter coefficient (σ°), described by [21]; the ratio of parallel polarization (Rp) and cross polarization (Rc), mentioned by [22]; the indices, formulated by [23], referred to
as a biomass index (BMI), canopy structure index (CSI) and volume scattering index (VSI).
The coherent attributes, which take advantage of SAR phase information, were evaluated:
polarimetric coherence of HH-VV (γ) and phase difference of HH-VV (Δφ), described by [22]; parameters resulting from the decomposition [24] by coherence matrix [T] called as entropy (H), anisotropy (A) and the mean alpha angle(
); the volume scattering components (Pv), double
bounce (Pd) and surface (Ps), resulting from the decomposition matrix [C] from [25]; the magnitude
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(αs) and Touzi phase (Фαs), beside that the orientation angle (ψ) and heliticity (τm), also derived
from the same former decomposition [26] were analyzed.
All these attributes were extracted in ROIs representing each thematic class, properly
georeferenced and inventoried in the field survey for measure the biophysical parameters that
served to model the biomass through generic [27] and specific [28] allometric equations. A detailed
description of this inventory procedure can be found in [7] and [8].
Multiple regression analysis was employed to assess the sensitivity of PALSAR polarimetric attributes to variations in forest biomass. This generated model was adjusted through the method of
Ordinary Least Squares (OLS). The selection of explanatory variables was carried out using the
Stepwise package, with values of significance p <0.15 and permanence p <0.05 as criteria for entering variables into the model. The performance analysis of this model used the R 2 and R2adjusted,
RMSE values, as well as some statistical procedures such as the diagnosis of multi-colinearity (by
calculus of Variance Inflation Factor - VIF), analysis of outliers (Cook´s distance) and residuals.
The last phase of the methodological procedure was validation of the generated model using the
cross-validation method “leave-one-out”, as described in [29].
3. Results
For each representative ROI from the 5 thematic classes (Table 1) in the PALSAR images, an
exploratory analysis was conducted on their respective cross sections (σ0), which is represented in a
three-dimensional graph as a function of all combinations of orientation angles (ψ) and ellipticity
(χ) relating to the ellipse of polarization. To illustrate this exploratory phase of characterization of
forests affected by fire, two examples from their polarimetric signatures are given (Figure 1).
Table 1. Classes of fire disturbance, year(s) of fire occurrence(s), sample number (n) and total area (State of Roraima).
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Fire disturbance classes

Year(s) of fire
occurrence(s)

N

Area (ha)

Unburned forest

-

6

1.5

Once lightly burned forest

1998

4

1

Once heavily burned forest

1998

8

2

Twice-burned forest

1998, 2003

11

2.75

Thrice-burned forest

1998, 2003, 2007

10

2.5

Total

-

39

9.75
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(a) (AGB= 132.2 Mg.ha-1)

(b) (AGB= 75.2 Mg.ha-1)

Figure 1. Polarization responses from PALSAR data over the forests affected once lightly burned (a) and thrice
burned (b) in State of Roraima.

In general, the polarimetric signature of forest class "once lightly burned" in the L-band, has a
similar configuration as the response from a forest not affected by the fire. In this three-dimensional
graph, peaks of backscatter (σ0) can be seen in the vertical polarization (ψ ≈ ±90°) with relatively
less contribution (σ0) to horizontal polarization (ψ ≈ 0°). There is some similarity with the canonical
response of an oriented cylinder [30], however, indicating a relatively larger contribution from
small branches of forest structure influencing the response [29]. For the forest class "thrice burned ",
the polarimetric response is associated with dipole targets that can, in this case, be represented by
fallen logs arranged horizontally on the forest surface, with greater openness of the canopy and a
more simple vertical structure in terms of layers.
During the step of biomass modeling based on SAR attributes, 39 plots encompassing the total
area of 9.75 ha (Table1) were selected for forest inventory. Primary forests not affected by fire had
mean values of 188±78 Mg.ha-1, similar to those obtained by [31]. Once lightly burned forest with
average biomass of 162.9±57 Mg.ha-1 did not differ significantly from those of primary forests. In
turn, forests once heavily burned, twice and three times had values of 118.7±52 Mg.ha-1, 108.1±48
Mg.ha-1 and 70.1±32 Mg.ha-1, as cited by [7]. The resilience of the forest in terms of biomass depends on the history of fire, including the frequency and severity, as well as the conditions of site
index and the forest matrix in which the burned area was inserted.
Based on the statistical criteria the final model (with R² = 0.79 and R²aj.= 0.76 ; RMSE = 32.1
Mg.ha-1 , that represents an error of ~27.8% in relation to the biomass mean values, according [29]
was selected:
AGB = 272.8 + 0.4 * ψ2 – 1146.1 * A + 565.2 * Pd – 213.3 * VSI
Onde:
AGB = aboveground biomass in Mg.ha-1;
ψ2= orientation angle of second component derived from Touzi decomposition model;
A = anisotropy value from the autovectors and autovalues of the Cloude & Pottier decomposition;
Pd = double-bounce scattering component derived from Freeman and Durden decomposition;
VSI = volumetric index of Pope.
All these variables have p-values less than 0.05. Through analysis of the predicted values relative to those observed, no saturation point signal was identified (Figure 2) using L-band attributes.
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As the resulting RMSE value represents an average error of ~ 27.8%, biomass classes were stratified by interval, showing that in this model the estimation accuracy was lower for smaller values of
AGB. This fact is contrary to reports in the literature (studies in primary forests), where accuracy
decreases with increasing values of biomass, which is often associated with saturation of the signal.

Figure 2. Scatterplot of field-measured biomass for the plots established during the forest inventory (x axis) versus the
remotely sensed biomass (y axis) as calculated from the best model. Source: adapted from [29].

Through the leave-one-out method for cross-validation of this model in the estimate of aboveground biomass, found the mean absolute error value equal to 26.6 Mg.ha-1(prediction average error
of 23%).The prediction errors were also smaller in this procedure as the higher biomass values observed can be attributed to the behavior of the anisotropy variable, noisier in the PALSAR images
of those forested areas most affected by the fire. Thus, adequate sensitivity of the polarimetric data
in L-band to variations in biomass content derived from the action of fire can be verified.
4. Conclusions
Through the polarimetric responses and the scattering mechanisms in the interaction of radar
signal versus forest targets, one can verify adequate sensitivity of L-band data to variations in biomass content derived from the action of fire.
The results of this scientific study shows the target decomposition attribute of Touzi (ψ2) is an
innovative variable for the estimative of aboveground biomass of tropical forests affected by fires,
associated with the effect of the anisotropy variable, and statistically very significant in the composition model. This study corroborates the hypothesis that L-band SAR data can be used to quantify
and monitor the biomass of forests affected by fires with adequate accuracy compared to that obtained by traditional forest inventories
Acknowledgements
This study was supported by the National Council for Scientific and Technological Development (CNPq). We acknowledge INPE/MCTI and EMBRAPA-Roraima for institutional support.

223

dos Santos et al.: Contribution of polarimetric SAR attributes for modeling of the tropical forest biomass affected by fire

References
[1] Keywood, M., Kanakidou, M., Stohl, A., Dentener, F., Grassi, G., Meyer, C. P., Torseth, K., Edwards, D.,
Thompson, A. M., Lohmann, U., & Burrows, J., 2013. Fire in the Air: Biomass Burning Impacts in a Changing
Climate. Critical Reviews in Environmental Science and Technology , 43 (1), pp. 40-83.
[2] Guild, L.S., Kauffman, J.B., Cohen, W.B., Hlavka, C.A., & Ward, D.E., 2004. Modeling biomass burning emissions for Amazon forest and pastures in Rondônia, Brazil. Ecological Applications, 14 (4), pp. S232–S246.
[3] Freitas, S.R., Longo, K.M., Silva Dias, M.A.F., & Silva Dias, P.L., 2005. Emissões de queimadas em ecossistemas
da América do Sul. Estudos Avançados, 19 (53), pp. 167-185.
[4] Piromal, R.A.S., Rivera-Lombardi, R.J., Shimabukuro, Y.E., Formaggio, A.R., & Krug, T., 2008. Utilização de
dados MODIS para detecção de queimadas na Amazônia. Acta Amazônica, 38 (1), pp.77-84.
[5] Oliva, P., Martin, P., & Chuvieco, E., 2011. Burned area mapping with MERIS post-fire image. International
Journal of Remote Sensing, 32(15), p. 4175-4201.
[6] Ward, D.E., Susott, A., Kauffman, J. B., Babbit, R.E., Cummings, D.L., Dias, B., Holben, B.N., Kaufman, Y.J.,
Rasmussen, R.A., & Setzer, A.W., 1992. Smoke and Fire Characteristics for Cerrado and Deforestation Burns in
Brazil: BASE-B Experiment, Journal of Geophysical Research., 97(D13), pp. 14601-14619.
[7] Martins, F.S.R.V., Xaud, H.A.M., Santos, J.R., & Galvão, L.S., 2012. Effects of fire on aboveground forest biomass in the northern Brazilian Amazon. Journal of Tropical Ecology, 28, pp. 591-601
[8] Xaud, H.A.M., Martins, F.S.R.V., & Santos, J.R., 2013. Tropical forest degradation by mega-fires in the northern
Brazilian Amazon, Forest Ecology and Management, 294, pp. 97-106.
[9] Freitas, C.C., Soler, L.S., Sant’anna, S.J.S., Dutra, L.V., Santos, J.R., Mura, J.C., & Correia, A.H., 2008. Land Use
and Land Cover Mapping in the Brazilian Amazon Using Polarimetric Airborne P-Band SAR Data. IEEE Transactions on Geoscience and Remote Sensing, (46), pp. 2956-2970.
[10] Garcia, C.E., Santos, J.R., Mura, J.C., & Kux, H.J.H., 2012. Análise do potencial de imagem TerraSAR-X para
mapeamento temático no sudoeste da Amazônia brasileira. Acta Amazônica, vol. 42(2), pp. 183-192.
[11] Santos, J.R., Narvaes, I.S., Graça, P.M.L.A,. & Gonçalves, F.G., 2009. Polarimetric responses and scattering
mechanisms of tropical forests in the Brazilian Amazon. Advances on Geoscience and Remote Sensing. (Org.)
Gary Jedlovec (NASA/ MSFC-USA), 1ed., v. 8, Vukovar,Croatia: IN-TECH. pp. 183-206.
[12] Santos, J.R., Pardi La Cruz, M.S., & Araujo, L.S., 2002. Savanna and tropical rainforest biomass estimation using
JERS-1 data. International Journal of Remote Sensing, 23, pp. 1217-1229.
[13] Neeff, T., Dutra, L.V., Santos, J.R., Freitas, C.C., & Araujo, L.S., 2005. Power spectrum analysis of SAR data for
spatial forest characterization in Amazonia. International Journal of Remote Sensing, 26(13), pp. 2851-2865.
[14] Saatchi, S.S., Halligan, K., Despain, D.G., & Crabtree, R.L., 2007. Estimation of forest fuel load from radar remote
sensing. IEEE Transactions on Geoscience and Remote Sensing, 45(6), pp. 1726 - 1740.
[15] Goncalves, F.G., Santos, J.R., & Treuhaft, R.N., 2011. Stem volume of tropical forests from polarimetric radar.
International Journal of Remote Sensing, 32(2), pp. 503- 522.
[16] Phua, M.H., Tsuyuki, S., Lee, J.S., & Ghani, M.A.A., 2012. Simultaneous detection of burned areas of multiple
fires in the tropics using multisensor remote-sensing data. International Journal of Remote Sensing, 33(14), pp.
4312-4333.
[17] Henry, M.C. & Yool, S.R., 2004. Assessing relationship between forest spatial patterns and fire history with fusion
of optical and microwave remote sensing. Geocarta International, 19(2), pp. 25-37.
[18] Mitchard, E. T., Meir., P., Ryan, C.M., Woollen, E.S., Williams, M., Goodman, L.E., Mucavele, J.A., Watts, P.,
Woodhouse, I. H., & Saatchi, S.S., 2012. A novel application of satellite radar data: measuring carbon
sequestration and detecting degradation in a community forestry project in Mozambique. Plant Ecology &
Diversity, p. 1-12.
[19] Fearnside, P.M., Barbosa, R.I., & Graça, P.M.L.A., 2007. Burning of secondary Forest in Amazonia: biomass,
burning efficiency and charcoal formation during land preparation for agriculture in Apiaú, Roraima, Brazil. Forest
Ecology and Management, 242, pp. 678-687.
[20] Van Zyl, J.J., Zebker, H.A., & Elachi, C.,1987. Imaging radar polarimetric signatures: theory and observation.
Radio Science, 22(4), pp. 529-543.
[21] Woodhouse, I. H., 2006. Introduction to microwave remote sensing. Boca Raton: Taylor & Francis Group CRC
Press, 2006. 370pp.
[22] Henderson, F.M., & Lewis, A.J., 1998. Manual of remote sensing: principles and applications of imaging radar.:
John Wiley Sons,3ed., New York, USA, 896 pp.
[23] Pope, K.O., Benayas-Rey, J.M. & Paris, J.F., 1994. Radar remote sensing of forest and wetland ecosystems in the
Central American tropics. Remote Sensing of Environment, 48(2), pp.205-219.
[24] Cloude, S.R. & Pottier, E., 1996. A review of target decomposition theorems in radar polarimetry. IEEE Transactions on Geoscience and Remote Sensing, 34, pp.498-518.

224

dos Santos et al.: Contribution of polarimetric SAR attributes for modeling of the tropical forest biomass affected by fire

[25] Freeman, A. & Durden, S.L., 1998. A three-component scattering model for polarimetric SAR data. IEEE Transactions on Geoscience and Remote Sensing, 36(3), pp. 963-973.
[26] Touzi, R., 2007. Target scattering decomposition in terms of roll-invariant target parameters. IEEE Transactions
on Geoscience and Remote Sensing, v. 45, p. 73-84.
[27] Chave, J., Andalo, C., Brown, S., Cairns, M. A., Chambers, J. Q., Eamus, D., Folster, H., Fromard, F., Higuchi, N.,
Kira, T., Lescure, J.-P., Nelson, B. W., Ogawa, H., Puig, H., Riera, B., & Yamakura, T., 2005. Tree allometry and
improved estimation of carbon stocks and balance in tropical forests. Oecologia, 145, pp.87-99.
[28] Nelson, B. W.; Mesquita, R., Pereira, J.L.G., Souza, S.G.A., Batista, G.T. & Couto, L.B., 1999. Allometric regressions for improved estimate of secondary forest biomass in the central Amazon. Forest Ecology and Management,
119, pp. 149-167.
[29] Martins, F.S.R.V., 2012. Caracterization and above ground biomass estimation of fire damaged forests using
polarimetric ALOS/PALSAR. Dissertation. of Master in Remote Sensing Course, National Institute for Space Research – INPE, Brazil, 177pp. (in portuguese).
[30] Lee, J. S. & Pottier, E., 2009. Polarimetric radar imaging: from basics to applications. Boca Raton: Taylor &
Francis Group CRC Press, 398 pp.
[31] Barbosa, R.I., Keizer, E., & Pinto, F., 2010. Ecossistemas terrestres de Roraima: área e modelagem espacial da
biomassa. Roraima: Homem, Ambiente e Ecologia. Barbosa, R. I. & V.F. Melo (eds.), Boa Vista, pp. 347-368.

225

dos Santos et al.: Contribution of polarimetric SAR attributes for modeling of the tropical forest biomass affected by fire

226

