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Abstract: The objective of the present work is to analyze the potential of synthetic aperture radar images to identify the different classes
of land cover representative for the Eastern Amazon, in a protected area. Images distributed free of charge were analyzed referring to
the ALOS PALSAR-2 (L-band, HH and HV polarization) and Sentinel 1A (C-band, VVV and VH polarizations) sensors, referring to the
month of November 2022, which were evaluated separately and integrated for identification, through machine learning classification,
of the following classes: Forest Cover, Grassland Cover, Wet Fields and Water Cover. The results show that the targets of interest, in a
representative environment of the Amazon, are better differentiated through the multifrequency integration and multipolarization
between the C and L bands, allowing to achieve excellent classification accuracy and all the chosen classes presented satisfactory Kappa
index.
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Resumo: O objetivo do presente trabalho é analisar o potencial de imagens de radar de abertura sintética para identificar as diferentes
classes de cobertura de terras representativas para a Amazonia Oriental, em area de protecdo. Foram analisadas imagens distribuidas
gratuitamente referentes aos sensores ALOS PALSAR-2 (banda L, polarizagdo HH e HV) e Sentinel 1A (banda C, polariza¢bes VV e
VH), referente ao més de novembro de 2022, as quais foram avaliadas separadamente e integradas para identificacdo, através de
classificacdo por aprendizagem de maquina, das seguintes classes: Cobertura Florestal, Cobertura Campestre, Campos Umidos e
Cobertura Hidrica. Os resultados mostram que os alvos de interesse, em ambiente representativo da Amazonia, se apresentam melhor
diferenciados através da integracdo multifrequencial e multipolarizagdo entre as bandas C e L, permitindo alcancar acurécia de
classificacdo excelente e todas as classes escolhidas apresentaram indice Kappa satisfatérios.
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1. Introduce

The Brazilian Amazon is going through intense changes in its land cover, where human action has contributed
significantly to the alterations of this environmental system. Conversions of land cover into different uses have historically
been motivated by different planning policies, settlement, and economic interests in the region.

Protected areas have stood out effectively in containing the transformations, especially in the face of deforestation
(NUNES et al., 2015). In the Amazon, areas are distributed for different levels of protection, highlighting the Conservation
Units (UC's), which total 335 areas, in addition to 338 Indigenous Lands (COELHO, 2022). Also, according to (NUNES
et al., 2015), depending on the degree of restriction of the area, the effectiveness of containing deforestation vary.

Among the different categories of UC's, the group of Environmental Protection Areas (APA) is mentioned, defined as
areas of sustainable use (allowed the rational use of existing natural resources and housing) and full protection (of high
restriction), established by the National System of Conservation Units - SNUC (Federal Law 9985/2000).

Considering the importance of environmental services provided by protected areas, in addition to the need to ensure
compliance with the laws that are intended for the preservation of such areas, initiatives for monitoring changes in land
cover in Brazil emerged from the 80's and since then, the PRODES, DETER and TerraClass systems, supported by Remote
Sensing, stand out.

Remote Sensing is the main support tool in the monitoring of extensive areas, in a comprehensive way and whose
changes can occur suddenly, being, therefore, of great importance for the monitoring of the Amazon. However, it is
important to highlight the limitations of detection in the Amazon region, due to the cloud cover over this area (ASNER,
2001; SALGADO etal., 2018), when observed through optical sensors. These characteristics motivated the use of RADAR
(Radio Detection And Ranging) sensor systems as a precursor in the mapping of the Amazon region.

The first major initiative for cartographic mapping of the Amazon took place in Brazil, using an airborne X-band radar
sensor, within the scope of the RADAM (radar in the Amazon) program, in the 1970s (AZEVEDO, 1971; IBGE, 2018).
Such data was digitized in the early 2000s and made publicly available. Other initiatives are also observed in Amazonian
countries, such as in French Guiana, with the "Guyana in the Clouds" program, using the ERS-1 orbital sensor (RUDANT,
1994). There are also other programs for the recognition of the Amazon, in the C band, aimed at the recognition of land
cover and SAR imaging capacity in tropical forest areas, with the respective Globe-SAR (WOODING et al., 1994) and
SAREX-92 (BROWN et al., 1996) programs.

The ability to image through radar sensor systems in humid tropical environments occurs with low or no atmospheric
interference, considering the wavelengths used (from 2.5 to 120 cm). Target detection results from the interaction of the
emitted energy with the surface, usually in the form of backscattering, which depends on surface parameters (such as
roughness and dielectric properties) and wave parameters (such as local angle of incidence, wavelength and polarization)
(JENSEM 2009; LEWIS AND HENDERSON 1998).

In the Amazonian context, initiatives supported by orbital radar data in coastal mapping are observed (TEIXEIRA,
SOUZA FILHO, 2007; TEIXEIRA, 2011; GUIMARAES, 2017) through the polarimetry of different sensors, in the
mapping of floods with embedded (FUCHSHUBER, 2011) and orbital (FERREIRA, 2018) sensors, in the mapping of
vegetation cover and Phyto physiognomies (NUNES, 2011; SAINTS; GONCALVES, 2009), in patrolling and defense
with an R-99 airborne sensor (ALVES et al., 2009), in the identification of deforested areas through L-band SAR sensors
(SOUZA et al., 2012; ABOUD NETA et al., 2010), relief mapping through sensors operating in the P-band (TANAJURA
et al, 2023 ), among other applications.

In the cartography of land use and land cover, different initiatives are observed in the Amazon using radar images
(NEGRI, 2009; Azevedo et al., 2014; WIEDERKEHR, 2018; DINIZ, 2019; DAVID; RANGE; ADAMI, 2020). Land
cover classes may have limitations in their detection due to aspects related to the absence of multitemporal, polarimetric
and multifrequency data in the various sensor systems available (FURTADO et al., 2015). However, the increase in the
temporal resolution of SAR sensor systems, at different frequencies and polarizations, in addition to the free availability
of such data, has enabled applications integrating different sensor systems in tropical areas in the Amazon and in the
Savanna/Amazon transition (EVANS et al., 2010).

Among the SAR data currently available, data from Sentinel 1A (S1A) and ALOS PALSAR 2 (ALOS?2) deserve to be
highlighted. The European Space Agency's (ESA) Sentinel 1A mission (operating in C-band) succeeded the ERS and
ENVISAT missions, with the difference of having grand4e magazine capability and making it available free of charge.
The Japan Aerospace Exploration Agency's (JAXA) ALOS PALSAR-2 mission (operating in L-band) succeeded its
predecessors JERS-1 and ALOS PALSAR, launched in 1992 and 2006, respectively, and although initially restricted, in
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2022 the agency announced the opening of data since 2014 for public access on its portal
(https://www.eorc.jaxa.jp/ALOS/en/dataset/alos_open_and_free e.htm).

In view of the atmospheric limitation that the Amazonian environment presents for imaging through optical sensors,
and considering the public and current availability of differents microwaves imaging missions, this study evaluated the
potential of SAR (Synthetic Aperture Radar), multifrequency and multipolarization images obtained by the Sentinel 1A
(dual-pol: VH and VV) and ALOS PALSAR-2 (dual-pol: HH and HV) as an alternative in the discrimination of land
cover classes in a protected area in the northeastern region of the Brazilian Amazon.

2. Study Area

In the Eastern Amazon, the Environmental Protection Area of the Baixada Maranhense (figure 1) is located, created
through Decree Law 11.900/1991, and categorized as Sustainable Use (Federal Law 9985/2000), aiming at harmony
between the maintenance of local biodiversity, sustainable development and the rational use of existing natural resources.

This protected area has as a striking feature a vast fluviomarine plain with flat topography, in which extensive portions
of land are flooded during the rainy season and favor the emergence of extensive lakes which connect to the courses of the
great rivers also present in the region. Such characteristics led the area to be declared a RAMSAR Site in 2000 (RAMSAR,
2020). There is also a very rich ecosystem of which it is possible to mention diversified fauna and flora, the presence of
mangroves and babassu trees.

This area was chosen for this study due to the dynamics of transformation in its cover, with a strong emphasis on the
loss of arboreal, secondary and forest vegetation cover, as indicated by data from the TerraClass Program for the years
2008, 2014 and 2020, with such areas being historically replaced by cultivated pastures whose intensification has been
taking place in recent years (ALMEIDA et al., 2022). In this context, the boundaries of the Municipality of Turilandia
were chosen as the study area to be a representative section of the landscape and the transformations mentioned above
(figure 1).
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Figure 1 — Location of the study area.
Source: Silva et al (2024).

The municipality of Turilandia has approximately 1567 km?, bordering Turiagu, Santa Helena, Presidente Médici,
Governador Nunes Freire, Bacuri and Serrano do Maranhdo. This area is partially part of the Baixada APA, in its
northwestern portion.

3. Materials and methods

Land cover classification was performed from SAR images and training samples. To increase the possibility of
discriminating different coverage classes, assuming that the sensitivities are complementary, images from two different
frequency sensors were used, each offering two different polarizations: Sentinel 1A (S1A) and ALOS PALSAR 2
(ALOS2). The procedures for processing SAR scenes are summarized in figure 2 and described below.
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Figure 2 — Flowchart of processes applied to SAR scenes.
Source: Silva et al (2024).

A SAR S1A scene was acquired, dated 11/06/2022 (distributed free of charge in https://search.asf.alaska.edu/) acquired
in Interferometric Wide mode - IW (in double polarization: VV and VH) at Ground Round Detection (GRD) level with
amplitude data.

An ALOS2 scene was also acquired, dated 02/11/2022 (distributed free of charge from G-Portal Jaxa in
https://gportal.jaxa.jp/) in ScanSar mode (with dual polarization: HH and HV) with Single Look Complex (SLC) level.
This level contains amplitude and phase information.

For the S1A scene, the following scene correction procedures were applied, according to Filipponi (2019), in the SNAP
9.0 (Sentinel Application Platform) program:

(i) the application of precise orbits to update the information on the status of the platform (velocity and position) during
the acquisition of the information;

IT) Radiometric calibration in order to obtain the backscatter coefficients 6VV and 6 VH (which characterize how much
of the energy emitted towards the target returned to the sensor) through the Radar-Radiometric-Calibration module;

I11) Reduction of the Speckle effect (with the Single Speckle Filter menu in 3x3 median) to remove the graininess of
this effect, and,;

IV) Orthorectification (with the support of the Terrain Correction module using 30 m Shuttle Radar Topography
Mission (SRTM) data already incorporated into the application) and resampling to 25 meters in order to make it compatible
with the PALSAR-2 scene.

For the ALOS2 scene, SLC scene transformation procedures were applied in amplitude. The processes were executed
through ENVI IDL 5.6 and the SARASCAPE module, both temporarily provided by SulSoft Brasil, Harris' representative
in Brazil, under the licenses ENVI+IDL 5.7 Evaluation - 7926-1881-2473-6822 and SARscape 5.6 Evaluation - 8289-
8281-7265-3938. The processes were:

I) Multilooking was applied using the default SARscape standard (Range looks: 1, Azimuth Looks: 5 and pixel size of
25 m);

I1) Radiometric Calibration and Geocoding to obtain the backscatter values (cHV and cHH), as well as to correct the
geometry and topography of the scene. Radiometric calibration used JAXA (2014) recommendations (equation 01), where
the calibration factors adopted were: CF1 = -83.0; A = 32, which were duly signaled in the Geocoding and Calibration
algorithm. Geocoding included the orthorectification of the scene, with the 30 m Shuttle Radar Topography Mission
(SRTM) model also incorporated into the SARSCAPE module.

o =10 x10log,((I*+ Q*) + CF— A  eq.01
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The following complementary data were used: a) Interpretation key, composed of field information carried out in July
2023 (figure 3); b) Optical images of the LANDSAT-8 (from 29/09/2022) and CBERS 4A (from 29/10/2022) missions to
support the sampling stage and; ¢) TerraClass Land Cover for the year 2020.

a) b)

Figure 3 — Interpretation i<ey for the stady-area. a) Forest Cover (FC); b) Wetlands (WT); c) Water Bodies (WB); d)
Countryside Coverage (CC).
Source: Silva et al (2024).

The target classes adopted in this study were: (1) Forest Cover - CF (composed of Forest, Succession and Tree covers),
(2) Grassland Cover - CC (formed by open and extensive areas, with the presence of grasses, managed pastures and
agricultural crops), (3) Wetlands - WT (wetlands, topographically lowered and subject to seasonal flooding) and (4) Water
Bodies - WB (including rivers, lakes, tanks for fish farming and weirs for thirst and supply). These classes were chosen
because they are presented in large areas and repeatedly, are the result of land cover conversions and are more
representative for the study area. In addition, it is noteworthy that the Wetlands of this UC are considered protected by
local legislation (MARANHAO, 1989).

Considering, initially, the fact that the area is located in a context of strong atmospheric interference, as it is located in
the equatorial tropical zone, rainfall data from the Turiacu Meteorological Station (closest to the study area) of the National
Institute of Meteorology (INMET) were observed. These data show no precipitation in the days prior to the acquisition of
the S1A scene and a small precipitation on the day before the acquisition of the ALOS?2 scene (Figure 4).
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Figure 4 — Rainfall data for the months of October and November for the study area.
Source: Silva et al (2024).

Precipitation records show days without heavy rainfall (figure 2) and, although there is a difference in dates between
the ALOS2 and S1A products, it is assumed that there are no significant events to abruptly differentiate land cover between
the dates of the scenes. Thus, this research assumes that the images are simultaneous.

Finally, the scenes were stacked and aligned in a SNAP environment. They were submitted to different combinations
for supervised classification using the Random Forest (RF) algorithm, in the QGIS 3.28 LTR Software, through the Semi-
Automatic Classification Plugin (CONGEDO, 2022) considering default parameters (training samples = 5000, trees = 10),
and the Kappa statistics (LANDIS AND KOCH, 1977) and Global Accuracy of these processes were later evaluated. The
statistical behavior of each of the classes in the different frequencies and polarizations was also evaluated in an exploratory
way.

4. Results and discussion

The analysis of the backscatter values of the targets of interest demonstrates the behavior of the targets for the different
polarizations and frequencies (Figure 5). The S1A presents backscatter values that vary, in the different polarizations,
between ~ -24 dB and ~ -6 dB, with a good difference in water coverage. On the other hand, the ALOS2 sensor presents
backscatter values ranging from ~ -34 dB to ~ -16 dB for both polarizations, standing out from the other targets at FC in
HV and HH, and WB in HH.
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Figure 5 — Backscatter behavior (dB) of the targets in the different sensors approached.
Source: Silva et al., (2024).

The parallel polarizations, i.e., HH (ALOS2) and VV (in S1A), present higher backscatter values for all classes, with
the exception of water body, and with emphasis on the FC class. This behavior stems from the interaction at the top (for
S1A) and inside (ALOS2) of the canopy, interacting with leaves, trunks, and branches that make up the target. Similar
behaviors are observed in experiments observed in the Amazon, for SIA (KYOHARA AND SANO, 2022) and in the
Amazon/Savanna transition to ALOS 2 (SILVA et al., 2021).

Still on the backscatter behavior of targets, it is important to highlight the behavior of forest cover in the HV band, for
ALOS 2. Shimada et al., (2014) identified that, in an experimental section of the Amazon, HV polarization, in ALOS 2,
was able to better discriminate forest cover from non-forest targets.

Observing figure 3, it can be inferred that if a given class presents proximity in the behavior of the targets to a given
sensor, the alternative of using another frequency and/or another polarization increases the possibilities of discriminating
the targets.

When evaluating the isolated potential of each of the sensor systems for the chosen targets, by RF classification,
through the Kappa index, it was found that they are capable of separating the targets with good (S1A) and very good
(ALOS2) coefficients, according to Landis and Koch (1977) (Tables 1 and 2).

Table 1 — Confusion matrix with hit statistics obtained from S1A data.
S1A Confusion Matrix

Class (Pixels) FC CcC WB WT Total
FC 16129 1824 11 56 18020
CcC 9735 14586 17 742 25080
WB 39 29 9790 39 9897
WT 525 2428 183 2754 5890
Total 26428 18867 10001 3591 58887
Producer Accuracy [%] 88,9309 55,8514 89,4878 70,9791 -
User Accuracy [%] 89,5061 58,1579 98,9189 46,7572 -
Kappa of the Class 0,5919 0,4704 0,989 0,4518 -
Overall Accuracy [%] 86,9087
Kappa 0,5459

Source: Silva et al (2024).
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Table 2 — Confusion matrix with hit statistics obtained from ALOS?2 data.

ALOS2 Confusion Matrix

Class (Pixels) CF CcC CH Cu Total
FC 16129 1824 11 56 18020
cC 9735 14586 17 742 25080
WB 39 29 9790 39 9897
WT 525 2428 183 2754 5890
Total 26428 18867 10001 3591 58887
Producer Accuracy [%] 88,9309 55,8514 89,4878 70,9791 -
User Accuracy [%] 89,5061 58,1579 98,9189 46,7572 -
Kappa of the Class 0,5919 0,4704 0,989 0,4518 -
Overall Accuracy [%] 86,9087
Kappa 0,5459

Source: Silva et al (2024).

For the ALOS 2 product, the CH and CF classes presented high Kappa values (0.9417 and 0.9358 respectively) and at
the same time were the best when compared to the other classes. For the ALOS 2 product, the CH and CF classes presented
high Kappa values (0.9417 and 0.9358 respectively) and at the same time were the best when compared to the other classes.
S1A also presented water body as the class with the highest separation capacity from the other targets.

The integration of the S1A and ALOS2 data allows a classification that is both multi-frequency and multipolarization,
which in turn presents a category improvement in the Kappa index, so that the value observed in this indicator suggests an
excellent classification (Table 3). The Kappa of the classes is very good (WT) and excellent (WB, CC, FC).

The multi-frequency approach (C-band and L-band) presents a significant improvement in the identification of land
cover, and adds to the results found in the Savanna (EVANS; COSTA, 2010) and in Savanna/Amazon transition areas
(EVANS; COSTA, 2013) when ALOS (L-band) and ENVISAT (C-band) sensors are integrated.

Table 3 — Confusion matrix with hit stats obtained from S1A and ALOS2 integration.
S1A and ALOS? Integration Confusion Matrix

Class (Pixels) CF CcC CH Cu Total
FC 22344 475 8 69 22896
cC 3314 17102 31 550 20997
WB 40 12 9872 34 9958
WT 730 1278 90 2938 5036
Total 95,7883 83,9662 93,1913 77,979 58887
Producer Accuracy [%] 97,5891 81,4497 99,1364 58,34 -
User Accuracy [%] 0,888 0, 7777 0,9912 0,57 -
Kappa of the Class 95,7883 83,9662 93,1913 77,979 -
Overall Accuracy [%] 93,2278
Kappa 0,8148

Fonte: Silva et al (2024).

Although the Kappa values are good and very good, respectively, for SIA and ALQOS 2, it is possible to verify the
impact of this classification in its qualitative aspect (Figure 6). It is verified that the aspect of homogeneity of the targets

interferes in the results.
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Figure 6 — Comparative sample between the results obtained in the different classifications.
Fonte: Silva et al (2024).

Water Bodies (WB

Very homogeneous areas, dominated by Forest Cover and Water Body, presented a better qualitative aspect, when
observing the classification resulting from the S1A scene. For the S1A product, the identification of the FC class is limited
in fragmented areas and with a strong presence of tree covers. On the other hand, in the ALOS?2 product, the homogeneity
of the FC class did not present the same limitation as in S1A, but the difficulty of the sensor system in identifying the WT
class was verified. Such occurrences are related to the quantitative results of the extension of the classes obtained by the
different classifications (Figure 7).

50,00

A
D r____

40,00
30,00
20,00
10,00
0,00

ALOS+S1A ALOS S1A

B Forest Cover Countryside Coverage =~ M Water Bodies B Wetlands

Figure 7 — Extent of land cover obtained by the different sources.
Source: Silva et al (2024).
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Among the different combinations of products, the integration of ALOS 2 and S1A data showed the largest extension
of area considered Forest Cover, as well as the smallest area referring to Wetlands. However, Water Bodies remains the
only class without a relevant difference in the number of classes.

5. Final Considerations

The land cover classification presented in this research generated from ALOS2 was generally slightly higher when
compared to S1A, highlighting the detection of the FC class in heterogeneous areas, although limited for the WT class.
However, it is worth noting that the potential of S1A associated with the multitemporal aspect was not explored in this
study, being an important characteristic of this sensor that currently has a temporal resolution of 12 days, in contrast to
ALOS 2, with 46 days.

The integration between S1A and ALOS?2 data, with a negligible temporal difference of acquisition (4 days), was able
to separate land cover classes well in the extreme northeast portion of the Amazon, presenting itself as excellent (>0.8).
However, although satisfactory in this context of integration, it is noteworthy that the WT class presented greater
limitations when compared to the other classes, but it is still very good.

Further studies can be conducted to evaluate whether flood dynamics and/or moisture content can be related to the
Kappa value obtained for the Wetlands (WT) class. Multitemporal classifications can be evaluated for this class, as it is a
dynamic coverage.

The integrated product, using data referring only to the amplitude of the S1A and ALOS 2 sensors, was also able to
generate satisfactory results for the Forest Cover class, an extremely important class, considering that the area is part of a
Conservation Unit in a humid tropical zone.

It is worth noting that in the future, a separation of the Forest Cover Class into two others (Tree and Forest) can be
evaluated to seek better levels of accuracy and its proximity to large monitoring projects, such as Mapbiomas and
TerraClass.
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