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RESUMO 

 

A Caatinga é um bioma de ocorrência do semiárido do Brasil, tendo uma das 

maiores ocupações populacionais em terras secas no mundo. Porém, ainda há 

carência da aplicação de novas técnicas de estimativa de sua biomassa a partir de 

dados remotos. Sendo assim, o objetivo da tese foi avaliar a acurácia das imagens 

do Sentinel-1 na estimativa da biomassa acima do solo (BAS) da Caatinga no Alto 

Sertão do estado de Sergipe. A distribuição espacial e fenológica da Caatinga na 

região estudada foi analisada utilizando o Normalized Difference Vegetation Index 

(NDVI). A análise florística e fitossociológica foi realizada por meio do inventário 

florestal, utilizado também para calcular a BAS nos fragmentos de Caatinga. Foram 

testados diferentes métodos de filtragem para avaliar a eficácia na redução do 

speckle na imagem do Sentinel-1 analisando o número equivalente de looks (NEL). 

A estimativa da BAS utilizando imagens do Sentinel-1 utilizou dados do inventário 

em campo, comparando as acurácias das respostas de filtros a partir da 

decomposição polarimétrica e, posteriormente, testando os atributos: VV, VH, 

VH/VV, Radar Vegetation Index (RVI), Dual Polarization SAR Vegetation Index 

(DPSVI), Entropia (H), Ângulo Alpha (α), por meio de regressões lineares simples e 

múltiplas, na Caatinga Verde, Intermediária e Seca. A Caatinga estudada não é 

influenciada pelos fatores fisiográficos: declividade, altimetria, proximidade ao rio e 

tipo de solo. A Caatinga densa apresenta curvas fenológicas com maior condição de 

verdor que a aberta. A espécie Cenostigma pyramidale é a mais abundante entre as 

25 identificadas. O filtro Gamma apresentou melhor desempenho na redução do 

speckle. A comparação da BAS estimada e observada indicou que a regressão 

múltipla fornece melhor acurácia nos períodos de Verdor (R2: 0,72) e Intermediário 

(R2: 0,73) da vegetação, com a contribuição de atributos coerentes e incoerentes. 

Portanto, o estudo permitiu analisar espacialmente a Caatinga estudada, 

caracterizando-a fenologicamente bem como sua composição e fitossociologia. 

Também foi possível verificar as diferentes atenuações do speckle no pré-

processamento das imagens. Por fim, constatou-se que as imagens do Sentinel-1 

podem ser utilizadas para a estimar a BAS. 

 

Palavras-chave: Floresta Tropical Seca. Índice de Vegetação. Radar. Sentinel-1. 

Biomassa florestal. 



ABSTRACT 

 

 

The Caatinga is a biome occurring in the semiarid region of Brazil, having one of the 

largest population occupations in dry lands in the world. However, there is still a lack 

of application of new techniques for estimating its biomass from remote data. 

Therefore, the objective of the thesis was to evaluate the accuracy of Sentinel-1 

images in estimating the aboveground biomass (BAS) of the Caatinga in the Alto 

Sertão of the state of Sergipe. The spatial and phenological distribution of the 

Caatinga in the studied region was analyzed using the Normalized Difference 

Vegetation Index (NDVI). The floristic and phytosociological analysis was carried out 

through the forest inventory, also used to calculate the BAS in the Caatinga 

fragments. Different filtering methods were tested to evaluate the effectiveness of 

speckle reduction in the Sentinel-1 image by analyzing the equivalent number of 

looks (NEL). The BAS estimate using Sentinel-1 images used field inventory data 

comparing the accuracy of filter responses from the polarimetric decomposition and, 

later, testing the attributes: VV, VH, VH/VV, Radar Vegetation Index (RVI), Dual 

Polarization SAR Vegetation Index (DPSVI), Entropy (H), Alpha Angle (α), through 

simple and multiple linear regressions, in the Greenness, Intermediate and Dry 

Caatinga. The studied Caatinga is not influenced by physiographic factors: slope, 

altimetry, proximity to the river and type of soil. Dense Caatinga has phenological 

curves with greater greenness than open one. The Cenostigma pyramidale species 

is the most abundant among the 25 identified. The Gamma filter showed better 

performance in speckle reduction. The comparison of the estimated and observed 

BAS indicated that the multiple regression provides better accuracy in the Greenness 

(R2: 0.72) and Intermediate (R2: 0.73) periods of the vegetation, with the contribution 

of coherent and incoherent attributes. Therefore, the study allowed the spatial 

analysis of the studied Caatinga, characterizing it phenologically as well as its 

composition and phytosociology. It was also possible to verify the different 

attenuations of the speckle in the pre-processing of the images. Finally, it was found 

that Sentinel-1 images can be used to estimate BAS. 

 

Keywords: Dry Tropical Forest. Vegetation Index. Radar. Sentinel-1. Forest 

biomass. 
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1 INTRODUÇÃO 

O bioma Caatinga abrange grande parte do nordeste do Brasil, apresentando 

uma vegetação com características adaptativas para suportar o regime climático do 

semiárido uma vez que é típico de uma região de baixa precipitação. É um bioma 

sujeito aos processos de mudanças climáticas e modificações na capacidade de 

resiliência do solo, sofrendo com explorações antrópicas e manejo inadequado, o 

que o torna um ambiente suscetível aos processos de degradação que podem 

atingir níveis severos e resultar em regiões desertificadas, como se observa em 

alguns núcleos já estabelecidos. 

O conhecimento do estoque florestal deste bioma é imprescindível para a 

elaboração de medidas que visem à manutenção desta região para evitar o 

processo de degradação dessas áreas. Também permite a estimativa da biomassa e 

da capacidade de absorção de carbono fixado em suas estruturas lenhosas, 

relacionando-a com os fluxos de carbono e permitindo associá-la com as mudanças 

climáticas.  

Apesar da relevância dos estudos focados na vegetação de caatinga, a 

produção científica nessa área é menos significante quantitativamente em relação 

aos demais biomas. Tal condição pode estar associada à dificuldade de realizar 

medidas diretas de coleta de dados in loco por meio de inventários florestais, tendo 

em vista a própria característica semiárida da região, que demanda custos e 

trabalho. Sendo assim, é necessário o estudo de tecnologias para a obtenção de 

dados por meio de estimativas indiretas da vegetação, como a partir do uso de 

técnicas de sensoriamento remoto. 

O sensoriamento remoto é uma alternativa eficaz para a aquisição de dados 

sem que haja contato direto com o alvo, e por isso, possui grande utilidade nos 

estudos de vegetação. As imagens produzidas por estes sensores permitem realizar 

desde mapeamentos e distinções de formações florestais até a obtenção de suas 

características biofísicas, permitindo a estimativa por meio da elaboração de 

equações que relacionam dados coletados em campo com as respostas verificadas 

nos sensores.  

O tipo de sensor de maior aplicação são os ópticos, que analisam as suas 

respostas espectrais e permite, por exemplo, obter informações sobre o vigor da 
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vegetação. Um dos sensores que está em crescente aplicação nos estudos da 

vegetação é o radar, que gera informações de acordo com a geometria do alvo e 

que, dependendo da frequência utilizada, não sofre influência de nuvens no seu 

imageamento. Outra forma de uso do sensoriamento remoto pode ser pela 

combinação de diferentes sensores, como de dados ópticos com radar, permitindo 

avaliar as características estudadas sob as respostas obtidas em cada tipo de 

imageamento. Porém, apesar do conhecido potencial do uso de informações 

geradas pelo radar, ainda existem poucos estudos sobre a utilização desse tipo de 

dados para a estimativa de biomassa da vegetação de Caatinga.  

A biomassa arbórea da caatinga é uma das características mais relevantes na 

região semiárida, tendo em vista a questão da matriz energética para a população 

que reside nessa região. Apesar disto, ainda são escassos os esforços para se 

conhecer a biomassa aérea desta vegetação, existindo uma lacuna entre o avanço 

tecnológico, a necessidade da aplicação de novas técnicas e as carências de dados 

para a floresta de caatinga. No Estado de Sergipe, especialmente, existe um déficit 

de estudos relacionados à estimativa de biomassa tanto por medidas diretas como 

indiretas. 

Iniciativas pioneiras no Estado de Sergipe para a geração de dados da 

vegetação de Caatinga a partir de técnicas de sensoriamento remoto, e apenas com 

a utilização de dados ópticos, ainda são incipientes, mesmo tendo parte da sua 

região semiárida delimitada como susceptível aos processos de desertificação. 

 Diante disto, a aplicação de novos dados de sensoriamento remoto, como as 

imagens de radar de abertura sintética (Synthetic Aperture Radar - SAR) gratuitas do 

Sentinel-1, pode ser uma importante opção para estudos florestais na Caatinga. 

Para isso, são imprescindíveis testes para avaliar o potencial de uso de dados SAR 

na banda C para as tipologias deste bioma, observando as suas limitações e 

vantagens. 

1.1 Objetivo geral 

Estimar a biomassa acima do solo da vegetação arbórea de Caatinga utilizando 

imagens SAR de banda C do Sentinel-1 em comparação com dados de medição 

direta em campo, em remanescentes florestais deste bioma no estado de Sergipe.  
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1.1.1 Objetivos específicos  

I. Avaliar a distribuição espacial da Caatinga em função das características 

fisiográficas locais por meio de índice de vegetação de dados do sensor 

OLI (Operational Terra Imager) do satélite Landsat-8;  

II. Analisar a Caatinga temporalmente e caracterizar o seu perfil fenológico 

utilizando índice de vegetação, relacionando-o com anomalias de 

precipitação, por meio de dados MODIS (Moderate Resolution Imaging 

Spectroradiometer) do satélite Terra; 

III. Analisar a composição florística e parâmetros fitossociológicos a partir do 

inventário florestal da Caatinga estudada;  

IV. Mensurar as abordagens já realizadas em estudos de estimativa de 

biomassa florestal acima do solo a partir de imagens SAR por meio de 

estudo da arte, afim fundamentar as técnicas a serem aplicadas na 

Caatinga; 

V. Testar as atenuações do speckle para a Caatinga aplicando os diferentes 

filtros utilizados no pré-processamento da imagem Ground Range Detected 

do Sentinel-1; 

VI. Comparar a acurácia da resposta dos filtros polarimétricos por meio da 

aplicação da Dual Polarimetric Decomposition em imagens Single Look 

Complex do Sentinel-1 para a estimativa da biomassa arbórea da Caatinga; 

VII. Estimar a biomassa arbórea da Caatinga por meio dos atributos extraídos 

dos diferentes produtos das imagens do Sentinel-1, verificando os que mais 

se correlacionam com a variável estimada dessa vegetação a partir de 

modelos de regressão linear.  
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2 DESENVOLVIMENTO 

2.1 Referencial Teórico 

2.1.1 Bioma Caatinga 

O Nordeste do Brasil que representa cerca de 18% da extensão total nacional, 

possui a maior parte das áreas semiáridas do país (89,25%) a qual ocupa 

aproximadamente 1.128.697 km² do território brasileiro conforme a Superintendência 

do Desenvolvimento do Nordeste (SUDENE), Ministério da Integração Nacional do 

Brasil (2017) (Figura 1). A maior parte dessa região está localizada no chamado 

“polígono da seca”, que é definido por apresentar um clima semiárido, com regimes 

pluviométricos de alta variabilidade, com secas frequentes podendo às vezes serem 

superiores a um ano (BARBOSA; KUMAR, 2016). 

Figura 1 - Delimitação das áreas semiáridas (delimitação definida pela SUDENE 

conforme Resolução nº 107 de 27/07/2017 e 115 de 23/11/2017) e abrangência do 

bioma Caatinga no Brasil (MMA, 2017).  

 

Fonte: Elaboração própria. 
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O semiárido nordestino possui a Caatinga como a sua tipologia florestal 

predominante, tendo a sua vegetação nativa cobrindo cerca de 40% da área original 

desta região (LIMA JÚNIOR et al., 2014) (Figura 1). A caatinga pode também ter a 

nomenclatura de savana estépica (IBGE, 2012), sendo classificada 

internacionalmente como Floresta Tropical Seca (Tropical Dry Forest) conforme a 

Organização para a Alimentação e Agricultura, Food and Agriculture Organization, 

(FAO, 2012) na Figura 2, terminologia adotada também pelo Painel 

Intergovernamental sobre Mudanças Climáticas, Intergovernmental Panel on Climate 

Change, (IPCC, 2006) para as suas indicações referentes aos estudos florestais de 

biomassa e carbono. Segundo Bastin et al. (2017) a vegetação relacionada a 

ambientes com aridez climática, como terras secas, ainda é pouco conhecida, 

mesmo recobrindo cerca de dois quintos da superfície terrestre. 

Figura 2 - Zonas ecológicas globais. 

 

Fonte: FAO, 2012.  
Legenda: Tropical desert: deserto tropical; Tropical shrubland: arbustiva tropical; Tropical mountain 
system: sistema de montanha tropical; Tropical dry forest: floresta tropical seca; Tropical moist forest: 
floresta tropical úmida; Tropical rainforest: floresta tropical; Subtropical desert: deserto subtropical; 
Subtropical steppe: estepe subtropical; Subtropical mountain system: sistema de montanha 
subtropical; Subtropical dry forest: floresta seca subtropical; Subtropical humid forest: Floresta úmida 
subtropical; Temperate desert: deserto temperado; Temperate steppe: estepe temperado; Temperate 
mountain system: sistema de montanha temperado; Temperate continental forest: floresta temperada 
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continenal; Temperate oceanic forest: floresta temperada oceânica; Boreal mountain system: sistema 

de montanha boreal; Boreal tundra woodland: floresta boreal de tundra; Boreal coniferous forest: 
floresta boreal de coníferas; Polar: polar. 
 

Essa forma de vegetação tem características morfológicas e fisiológicas 

adaptadas às condições de déficit hídrico (LÚCIO et al., 2017), podendo ser xerófita 

(RODAL; BARBOSA; THOMAS, 2008) ou hiperxexófita (NASCIMENTO et al., 2013). 

Apresentam a característica de caducifolia ao perder as suas folhas em época de 

seca, sendo, portanto, uma floresta decídua (MACHADO et al., 1997; GRIZ; 

MACHADO, 2001), com a produção de folhas e flores dependentes das épocas de 

precipitação (ANDRADE-LIMA, 1981). Além disso, tem uma variação fitofisionômica 

em termos de estrutura, podendo variar de um porte arbóreo a subarbustivo, e de 

densa a muito rala (CHAVES et al., 2008), com 5.022 espécies distribuídas em 

1.249 gêneros e 177 famílias botânicas registradas sob este domínio fitogeográfico 

(REFLORA, 2022).  

Essa vegetação é influenciada também pela heterogeneidade espacial dos 

fatores ambientais existentes na região nordestina, o que gera variações na sua 

florística e estrutura (FARIAS et al., 2016). Isso se dá devido às configurações 

geológicas locais e aos atributos do solo que condicionam os padrões de 

agrupamento da comunidade florística (APGAUA et al., 2015). 

Apesar da característica ecofisiológica da caatinga indicar que algumas 

espécies estejam adaptadas a passarem por períodos de seca severa, mesmo 

assim não poderiam suportar o nível atual de insustentabilidade gerada tanto pela 

pressão exploratória de áreas nativas como pela condição climática (SANTOS et al., 

2014). Esses ecossistemas estão espacialmente dispersos e fragmentados, ainda 

que uma proporção importante de fragmentos maiores ainda seja observada 

(PORTILLO-QUINTERO; SÁNCHEZ-AZOFEIFA, 2010). Atrelado a isso, esse bioma 

é um dos mais suscetíveis no cenário de aumento das temperaturas globais, tendo a 

sua estabilidade ecológica impactada pelas mudanças climáticas e, 

consequentemente, se tornando uma região de alerta para a ocorrência deste 

processo (OYAMA; NOBRE, 2003), já com a presença de núcleos de desertificação 

estabelecidos no Nordeste (MMA, 2004). 

As causas destes processos colocam em risco a conservação dessas áreas 

secas uma vez que o aumento da temperatura aliado à remoção da vegetação de 
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caatinga favorece a ocorrência de aridização (GUIMARÃES et al., 2016), 

influenciando no ciclo hidrológico e culminando numa dinâmica ambiental que inclui 

a desertificação dessas terras (ALVES; AZEVEDO; SANTOS, 2017). Esse contexto 

hídrico e de desertificação é crítico para a região semiárida brasileira, caracterizada 

por apresentar a ocorrência de períodos de seca, uma alta evapotranspiração e 

solos rasos de baixa capacidade de retenção de água (PETTA et al., 2013).  

Em decorrência do risco da ocorrência e expansão dos processos de 

desertificação, desde 25 de junho de 1997 o Brasil tornou-se parte da Convenção 

das Nações Unidas de Combate à Desertificação nos Países Afetados por Seca 

Grave e/ou Desertificação (United Nations Convention to Combat Desertification - 

UNCCD), que entrou em vigor em 26 de dezembro de 1996. O principal objetivo dos 

191 países componentes é elaborar um Programa de Ação Nacional de Combate à 

Desertificação, conhecido por PAN (MMA, 2004, resultando na delimitação das 

áreas susceptíveis (Figura 3) e criação de estratégias de proteção e mitigação a 

esse processo.  

Figura 3 - Áreas susceptíveis e afetadas pelos processos de desertificação no 

semiárido do Brasil. 

 

Fonte: Instituto Nacional do Semiárido - INSA, 2018. Mapa: Elaboração própria.  
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Ainda assim, existe uma incerteza considerável nas respostas esperadas das 

florestas tropicais secas frente às futuras mudanças no clima associadas às 

atividades antropogênicas, como em relação ao aumento do CO2 e da temperatura 

atmosférica, e às mudanças no regime pluviométrico total e sazonal, os quais podem 

ter efeitos na fisiologia das plantas, interferindo em seu crescimento, sobrevivência e 

produção reprodutiva (PULLA et al., 2015), o que torna uma situação crítica para o 

semiárido nordestino que tem uma alta susceptibilidade ao processo de 

desertificação (VIEIRA et al., 2015). 

Na atual conjuntura climática, existe estimativa de que duraria cerca de 50 anos 

para que ocorresse a regeneração do estoque de biomassa da vegetação de 

Caatinga, e se houver ainda mais mudança do clima (aumento da temperatura e 

redução de precipitação), como é previsto, a biomassa da vegetação de Caatinga 

nativa assim como o estoque de carbono orgânico do solo diminuiriam ao longo 

deste século (40% e 13%, respectivamente), afetando de forma direta a produção 

sustentável de lenha e trazendo problemas legais quanto às atividades de manejo 

florestal (ALTHOFF et al., 2016). 

Em termos gerais, as florestas tropicais possuem um maior nível de biomassa 

do que outras tipologias florestais (SHIMABUKURO; MAEDA; FORMAGGIO, 2009). 

Entretanto, em área de caatinga, a produção de biomassa apresenta grande 

variação espacial e sazonal (LIMA JÚNIOR et al., 2014), necessitando, portanto, de 

pesquisas detalhadas quanto a capacidade de incremento de biomassa. A 

quantificação da biomassa da caatinga para fins energéticos e como base de 

informação para estudos de sequestro de carbono, está entre os temas mais 

relevantes no mundo em função da sua relação com as alterações climáticas 

(SILVEIRA et al., 2008), até porque ainda existem poucas informações sobre as 

quantidades de biomassa que são retiradas desse bioma (SILVA; SAMPAIO, 2008). 

Existem duas formas de se realizar estimativas de biomassa vegetal podendo 

ser por métodos diretos (coleta de dados em campo) e indiretos (uso de dados 

remotos) (KOCH, 2010). O método indireto tem sido foco de aplicações tendo em 

vista a disponibilidade de imagens provenientes de sensores a bordo de satélites e 

com os avanços nas técnicas de processamento digital, o sensoriamento remoto tem 

sido bastante utilizado para estimativas de biomassa florestal (WATZLAWICK; 

KIRCHNER; SANQUETTA, 2009). 
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A estimativa de biomassa com uso de técnicas de sensoriamento remoto pode 

ser de grande importância no Bioma Caatinga, pois apresenta uma grande extensão 

e alta variabilidade da densidade da sua vegetação, possibilitando ainda a 

identificação de áreas com potencial para exploração de lenha, a simulação de 

cenários e monitoramento do seu manejo, áreas de preservação permanente e a 

quantificação do estoque de carbono (LIMA JÚNIOR et al., 2014). Esse 

conhecimento sobre o estado das florestas secas pode contribuir para a sua 

sustentabilidade a longo prazo, tanto para o bem-estar humano quanto para a 

integridade ecológica (SUNDERLAND et al., 2015). Além disso, essas informações 

podem subsidiar planos ou estratégias de conservação global, em ações de 

proteção da vegetação e de atividades sustentáveis, considerando as suas 

interconexões, relações com outros tipos de vegetação, e com os usos da terra 

como estratégias de conservação (DEXTER et al., 2015). 

 

2.1.2 Sensoriamento remoto óptico aplicado à vegetação 

O Sol é a principal fonte de radiação eletromagnética utilizada na detecção 

remota óptica, que permite a identificação e mapeamento de objetos na superfície 

terrestre por meio da informação coletada (JOSEPH, 1996), técnica considerada 

como um sensoriamento passivo. Essa informação, por sua vez, é realizada a partir 

da reflexão da radiação eletromagnética no comprimento de onda no visível (0,4 µm 

– 0,72 µm), infravermelho próximo (0,72 µm – 1,1 µm) e infravermelho médio de 

ondas curtas (1,1 µm – 3,2 µm) (FERREIRA; FERREIRA; FERREIRA, 2008).  

Apenas parte desta radiação chega a ser captada pelo sensor óptico (orbital 

ou em aviões) por sofrer forte interação com os componentes da atmosfera durante 

a passagem em direção à superfície da Terra, necessitando, portanto, de correções 

nas imagens para amenizar os efeitos da atmosfera (GUANT; RICHTER; 

KAUFMANN, 2009). Aliado a isto, um dos fatores mais limitantes ao uso de imagens 

ópticas se dá pela presença de cobertura de nuvens, que inviabilizam obter 

informações na superfície terrestre.  

A radiação eletromagnética (REM) incidente interage com a vegetação, 

podendo parte dessa energia ser absorvida, transmitida e refletida, sendo esta, 

captada pelo sensor óptico. As características morfológicas da planta, como os 
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espaços intercelulares, os pigmentos fotossintetizantes e a umidade da folha dão 

origem à curva espectral típica para este tipo de objeto imageado (WOOLLEY, 1971) 

(Figura 4). 

Figura 4 - Curva típica de reflectância da folha verde saudável, com destaque às 

regiões espectrais e fatores associados às variações nas reflectâncias no visível, 

infravermelho e infravermelho próximo. 

 

Fonte: PONZONI; SHIMABUKURO; KUPLICH, 2012. ρ: reflectância; λ: comprimento de onda. 

 

Como o perfil espectral da vegetação responde diferentemente ao tipo de 

condição a qual está submetida, vários índices de vegetação (IV) foram formulados 

e disseminados (HENRICH et al., 2012) associando cada intervalo ou valor espectral 

em função das características que se pretende avaliar. Entre os índices mais 

comuns estão o: SR - Simple Ratio (JORDAN, 1969), NDVI - Normalized Difference 

Vegetation Index (ROUSE, 1973), SAVI - Soil Adjusted Vegetation Index (HUETE, 

1988) e EVI - Enhanced Vegetation Index (JUSTICE et al., 1998). 

O princípio dos índices de vegetação está baseado, essencialmente, na 

relação entre a energia refletida no comprimento de onda do vermelho e do 

infravermelho próximo, por estarem diretamente relacionadas à atividade 

fotossintética da vegetação, assim como no fato de que duas ou mais bandas 

espectrais podem, substancialmente, reduzir fontes de ruídos que influenciam na 

resposta da vegetação como: variações na irradiância solar, efeitos atmosféricos, 
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contribuições da vegetação não fotossinteticamente ativa, contribuições do substrato 

(ex.: solo) e efeitos da composição e estrutura do dossel (FERREIRA; FERREIRA; 

FERREIRA, 2008). 

Alguns sensores a bordo de satélites registram imagens ópticas que são 

amplamente utilizadas nos estudos relacionados à vegetação e que permitem a 

aplicação dos índices de vegetação, como as imagens do sensor MODIS (PASOLLI 

et al, 2015; HILL et al., 2017; CANO et al., 2017; FU; WU, 2017; SAEED et al., 

2017), e da mais recente missão Landsat (8, sensor OLI/TIRS, constituído de 11 

bandas espectrais) (BOYTE et al., 2017; DANODIA et al., 2017; KHARE et al., 2017; 

SONOBE et al., 2017; ZHANG, et al., 2017a). Além destes, o Sentinel-2 é o mais 

novo satélite colocado em operação pela Agência Espacial Europeia (European 

Space Agency – ESA), composto por uma constelação de 2 satélites, e possui 13 

bandas espectrais. Destas, quatro bandas do sensor estão posicionadas na região 

do red-edge e tem sido utilizado nos estudos de sensoriamento remoto por ter a 

capacidade de analisar características mais detalhadas da vegetação, como o teor 

de clorofila e de nitrogênio (CLEVERS; GITELSON, 2013; CHRYSAFIS et al., 2017; 

FORKUOR et al., 2018; SÖDERSTRÖM et al., 2017). 

Os dados ópticos possibilitam utilizar as características espectrais para 

explorar as relações dos atributos florestais de interesse com os dados coletados via 

sensoriamento remoto (HOU; XU; TOKOLA, 2011). Para isso é necessário 

compreender as várias respostas espectrais da vegetação a partir da reflectância e 

dos índices de vegetação, o que permite realizar a quantificação de seus 

parâmetros, como índice de área foliar (Leaf Area Index - LAI), densidade e 

biomassa florestal acima do solo (MADUGUNDU; NIZALAPUR; JHA, 2008). 

Parte da aplicação das imagens ópticas está voltada à utilização de índices 

de vegetação para mapeamentos de cobertura da terra associados ao 

comportamento temporal da vegetação (GIRMA et al., 2015; MARKOGIANNI; 

DIMITRIOU, 2016; MASELLI; CHIESI; PIERI, 2016; XU; NIU; TANG, 2017), com 

focos também em análises fenológicas (WEI et al., 2015; HERMANCE; SULIEMAN; 

MUSTAFA, 2016; ANDRIEU, 2017; ZHANG et al., 2017b) e até mesmo para a 

estimativa de biomassa (KELSEY; NEFF, 2014; KUMAR et al., 2013; MAIN-KNORN 

et al., 2011; STEININGER, 2000; BERRA et al., 2012). 
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Na vegetação de Caatinga, a maior parte dos estudos envolvendo imagens 

ópticas está relacionada a mapeamentos destas florestas ou da sua degradação, 

como o de Fernandes et al. (2015) que detectaram as mudanças de uso e ocupação 

da terra no semiárido de Sergipe. Souza Nascimento et al. (2017) analisaram a 

mudança espaço-temporal da cobertura de caatinga associada à bacia hidrográfica 

na Paraíba. Já Teixeira, Teixeira e Costa (2017) avaliaram a correlação entre a 

precipitação e as respostas do NDVI, SAVI e LAI na caatinga, no estado do Ceará, e 

Santos, Baptista e Moura (2017) que verificaram a sazonalidade dos usos da terra 

no Vale do São Francisco através de índices de vegetação.  

Estudos voltados a relacionar dados espectrais com dados dendométricos 

para estimar a biomassa, apesar de serem em menor quantidade, também são 

vistos no Bioma Caatinga. Entre estas pesquisas, destacam-se as realizadas por 

Costa et al. (2002) que mapearam a fitomassa da caatinga do Seridó pelos índices 

de vegetação, e Lima Júnior et al. (2014), que utilizando o NDVI e SAVI gerado pelo 

Landsat 5 Thematic Mapper (TM), avaliaram a correlação entre as respostas deste 

índice e a biomassa. No estado de Sergipe, existe carência desse tipo de estudo, 

podendo citar o de Almeida et al. (2014) que também utilizaram o Landsat 5/TM para 

estimar as características dendrométricas da caatinga, e de Fernandes (2018) que, 

adicionalmente a estas variáveis biofísicas também avaliou a estimativa de 

biomassa acima do solo, a partir do sensor MultiSpectral Instrument (MSI) do 

Sentinel-2. 

 

2.1.3 Sensoriamento remoto ativo por micro-ondas 

O sensoriamento remoto por radar utiliza o envio e a recepção de sinais na 

faixa das micro-ondas, possuindo, portanto, uma forma diferente de interação com o 

objeto na superfície em comparação com a obtenção de imagens pelo sensor óptico, 

tendo, por exemplo, as seguintes características (NOVO, 2010): 

• Os sistemas de imageamento são ativos, gerando a própria emissão de um 

feixe de radiação eletromagnética na região das micro-ondas; 

• Permitem que a aquisição das imagens seja feita durante o dia e noite, 

aumentando, portanto, a capacidade de observação da superfície; 
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• Por operarem nesta região do espectro eletromagnético, a obtenção dos 

dados pode ser realizada em diversas condições meteorológicas, e, 

consequentemente, as imagens não são afetadas pela cobertura de nuvens ou 

precipitação dependendo do comprimento de onda; 

• Permitem analisar interações em um comprimento de onda não percebida 

pelos demais tipos de sensores ópticos. 

As micro-ondas utilizadas no imageamento são geradas pela excitação dos 

elétrons que através de uma antena, transmite e recebe um sinal em função do 

tempo, princípio básico dos sistemas de radar (BEHAN; WOODHOUSE, 1999). O 

termo RADAR é acrônimo de Radio Detecting and Raging, o qual ocorre, portanto, 

por meio dos sinais transmitidos que escaneiam a região a ser imageada, 

registrando a intensidade desses pulsos na antena de abertura real (física) levando 

em conta o tempo de sua emissão e recepção (CHENEY; BORDEN, 2009). 

A imagem de radar é o registro do retorno de sucessivos pulsos de micro-

ondas feitos pelo transmissor, em intervalos regulares, focados pela antena num 

feixe, de forma oblíqua à superfície, onde, mais comumente, a antena também 

recebe a porção da energia retroespalhada. Os diferentes objetos da superfície 

terrestre interagem com o sinal recebido, alterando sua intensidade e fase. O 

intervalo de tempo entre o pulso emitido e recebido é registrado, assim como os 

sinais retroespalhados conforme a plataforma se desloca em sua trajetória 

(FONSECA; FERNANDES, 2004).  

A geometria de aquisição das imagens pelo sistema de radar é feita 

iluminando uma faixa na superfície num ângulo perpendicular à direção do percurso 

da plataforma, com a largura da faixa definida pelo alcance (range), a qual possui 

uma região mais próxima (near range) e uma mais afastada do nadir (far range), 

com a dimensão ao longo da área imaginada traçada de forma paralela entre o 

azimute e a direção do voo. Além disto, existem ainda os ângulos de visão e de 

incidência, caracterizados respectivamente pela inclinação que o radar “enxerga” a 

superfície, e pelo ângulo entre a vertical da superfície e o feixe do radar (FONSECA; 

FERNANDES, 2004). 

Como a resolução da imagem de radar é dependente diretamente do 

tamanho da antena para melhor aquisição dos dados, o avanço das tecnologias 
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permitiu o surgimento do radar de abertura sintética (Synthetic Aperture Radar - 

SAR) que simula uma antena de grande extensão a partir do deslocamento do 

próprio sensor na direção do azimute, e que possui inúmeras vantagens para a 

detecção remota, especialmente do espaço (SHEMER, 1993; LEE et al., 1994).  

A geometria de imageamento SAR também utiliza uma antena transmite uma 

série de pulsos conhecidos como chirp em um ângulo off-nadir projetado em um 

plano normal à trajetória do satélite, enquanto este se desloca na direção de azimute 

a uma velocidade constante (Figura 5). A direção de iluminação é chamada de 

direção de alcance inclinado (slant range), e a direção de alcance do solo (ground 

range) é a direção de iluminação no solo. O ângulo entre a direção de iluminação e a 

direção vertical à superfície é o ângulo de incidência (OUCHI, 2013).   

Figura 5 - Geometria de imageamento do sistema SAR. 

 

Fonte: (a): ZHOU; CHANG; LI, 2009; (b): OUCHI, 2013. 
Legenda: Look angle: ângulo de visada; Ground track: trajeto em relação ao solo; Ground range: 
distância no solo; Radar swath: faixa do radar; Radar look direction: direção de visada do radar; Slant 
range: distância inclinada; Incidence angle: ângulo de incidência; Direction of displacement: direção 
de deslocamento; HSAR: altura da plataforma; c: velocidade da micro-onda; r(t) e R: distância 
inclinada; R Platform velocity: velocidade da plataforma; Platform propagation direction: direção de 
propagação da plataforma; Chirp pulse: pulso chirp; Off-nadir angle: ângulo fora do nadir; Local 

incidence angle: ângulo de incidência local; Azimuth direction: direção do azimute; Ground-range 

direction: direção na extensão do solo; Slant-range direction: direção de distância inclinada; Synthetic 
aperture time: tempo de abertura sintética; Range time: tempo de alcance. 

 

O sinal retroespalhado ao radar sofre influência direta da rugosidade da 

superfície, dependente do comprimento de onda emitido pelo sensor (LEE et al., 

1994). As superfícies mais lisas possuem uma característica especular por 
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apresentarem menor dispersão das micro-ondas do radar, enquanto que as mais 

rugosas espalham a energia recebida em todas as direções, incluindo a que retorna 

para a antena receptora do radar (GABER et al., 2015) (Figura 6).  

Figura 6 - Efeito da rugosidade no retroespalhamento das micro-ondas incidentes. 

 

Fonte: GABER et al., 2015 modificado de PEAKE e OLIVER, 1971. h: altura da superfície. 

 

Além disso, a resposta proveniente da interação do sensor com o objeto na 

superfície da terra depende também de algumas características específicas: do 

ângulo de incidência (DENBINA; COLLINS, 2012; SANDEN; GELDSETZER, 2015; 

LOPEZ-SANCHEZ et al., 2015; VENKATA et al., 2017), frequência e tipo de 

polarização da onda eletromagnética (KIM et al., 2013; SANTI et al., 2015; 

MIRMAZLOUMI; SAHEBI, 2016; MANAVALAN; RAO; MOHAN, 2017) e além disso, 

da forma, rugosidade e propriedade dielétrica do objeto (WEYDAHL, 2002; GENIS et 

al., 2013; PATEL; SRIVASTAVA, 2015; MANNINEN et al., 2016; FALLAHPOUR et 

al., 2018) (Tabela 1). 

Tabela 1 - Fatores que influenciam o retroespalhamento do radar. 

Parâmetros do radar Variáveis do objeto imageado 

Ângulo de incidência Geometria 

Frequência  Rugosidade 

Polarização Constante dielétrica 
Fonte: KUPLICH, 2003. 

Quanto à característica da onda eletromagnética em que o sensor opera, a 

frequência e a polarização são parâmetros cruciais na interação com o objeto a ser 

imageado. Cada frequência possui uma denominação específica de banda e está 

relacionada ao comprimento de onda a ser emitido pelo sensor que por sua vez 
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influencia na capacidade de penetração no objeto imageado como em ambientes 

florestais (Tabela 2).  

Tabela 2 - Bandas de frequência dos radares imageadores e seus respectivos 

comprimentos de onda. 

Tipo de banda Faixa de frequência 
(GHz) 

Comprimento de onda 
(cm) 

P 0,5-0,25  60-120  
L 2-1  15-30  
S 3,75-2  8-15  
C 7,5-3,75   4-8  
X 12-7,5  2,5-4  
Ku 17,6-12 1,7-2,5  
Ka 40-25 0,75-1,2 

Fonte: MOREIRA et al., 2013. 

A polarização é condicionada à orientação do campo elétrico em função da 

trajetória de propagação da onda eletromagnética emitida e recebida, podendo ter 

quatro formas: HH quando emite e recebe a onda eletromagnética horizontalmente, 

VV quando emite e recebe verticalmente, ambas chamadas de paralelas 

(copolarized), HV quando emite horizontalmente e recebe verticalmente e VH 

quando emite verticalmente e recebe de forma horizontal, estas denominadas de 

cruzadas (cross-polarized) (HENDERSON; LEWIS, 1998). Os sistemas SAR podem 

atuar com várias polarizações operando em uma só frequência, podendo realizar o 

imageamento com polarizações simples (HH ou VV ou HV ou VH), duplas (paralelas 

e/ou cruzadas), ou ainda totalmente polarimétricos (utilizam as quatro formas de 

polarização).  

Outro fator relevante que deve ser levado em consideração quanto ao 

processamento das imagens SAR é a realização da sua ortoretificação, uma vez que 

elas apresentam distorções geométricas típicas, como: encurtamento de rampa 

(foreshortening), inversão de relevo (layover) e sombreamento (shadowing) (Figura 

7) devido à natureza especial da imagem de radar (LI; ZHANG; XIAOBO, 2012; 

ZHANG; LI; LIN, 2016). 
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Figura 7 - Distorções geométricas no sistema de imageamento ativo por micro-

ondas, onde: (a) se refere ao encurtamento de rampa (foreshortening), (b) à 

inversão de relevo (layover) e (c) sombreamento (shadowing). 

 

Fonte: KERLE; JANSSEN; HUURNEMAN, 2004. 
Legenda: terrain: terreno; slant range: distância inclinada; ground range: distância no solo. 

 

 A classificação e análise dos dados de radar de abertura sintética atraiu muito 

interesse e, consequentemente, foco de pesquisas dentro da comunidade de 

sensoriamento remoto (LUMSDON; CLOUDE; WRIGHT, 2005). Porém, um desafio 

quanto ao uso destas imagens está relacionado à sua interpretação, tendo em vista 

que não é tão fácil interpretar uma imagem SAR quando comparado a uma imagem 

óptica (ZHANG et al., 2016), devendo-se realizar a interpretação dos dados da 

imagem por meio da compreensão do processo de retroespalhamento e dos vários 

mecanismos que contribuem para tal (RICHARDS, 1990). 

Além disso, elas são compostas pela presença de um ruído denominado 

speckle, sendo uma característica intrínseca destas imagens, e que é originado 

pelos pulsos coerentemente registrados que retornam do alvo imageado (MAHDAVI 

et al., 2018). Mesmo assim, ao longo da disseminação das imagens SAR e suas 

diversas aplicações, vários métodos foram propostos para a redução do speckle, 

uma vez que a utilização delas leva em consideração a relação sinal-ruído, e a 
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estimativa da qualidade e consequentemente do filtro mais adequado entre os tipos 

de filtragem disponíveis (Figura 8) (ARGENTI et al., 2013). 

Figura 8 - Exemplos da aplicação de filtros para a redução do ruído speckle em 

imagem SAR. 

 

Fonte: MORANDEIRA, GRIMSON; KANDUS, 2016.  
Legenda: Natural image: imagem natural; N: fragmento; Filter: filtro; No filter: sem filtro. 
 

2.1.3.1 Polarimetria 

A resposta polarimétrica de uma feição da terra pode conter as características 

geométricas e físicas do objeto sob observação (VARGHESE; SURYAVANSHI; 

JOSHI, 2016), onde dentro de cada elemento de resolução carrega informações de 

amplitude e fase, contendo todos os elementos espalhadores (LEE; POTTIER, 

2009). Essa resposta é comumente representada em escala logarítmica em forma 

de decibéis (dB) e denominada de coeficiente de retroespalhamento “σ”, conforme 

equação 1 (SANDEN, 1997) e é produto da tecnologia SAR focada na polarimetria 

(Polarimetric SAR - PolSAR) (SUN et al., 2017). Também é conhecida como seção 

transversal normalizada de radar, correspondendo à porção de energia enviada que 

retorna ao sensor, e, portanto, obtido nas polarizações utilizadas (WOODHOUSE, 

2006). 

                  
                                    Equação 1 

Alguns atributos podem ser obtidos permitindo se conhecer a interação da 

onda incidente com o objeto imageado a partir dos coeficientes de 
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retroespalhamento, tais como: a Potência total (Pt) definida por Woodhouse (2006), 

e a Razão de polarização paralela (Rp) e cruzada (Rc) por Henderson e Lewis 

(1998). 

Potência total - total power (Pt): por não depender da base utilizada para 

descrever a onda de radar é considerado polarimetricamente invariante, sendo 

obtido pela soma total dos mecanismos de espalhamentos (Equação 2), ou seja, de 

toda a energia que retorna ao sensor: 

                         Equação 2 

Razão de polarização paralela - parallel polarization ratio (Rp): parâmetro 

relacionado à geometria preferencial dos alvos, indicando a dominância entre os 

retroespalhamentos nas polarizações paralelas por estar relacionado com a 

orientação e forma dos elementos causadores do espalhamento, indicado pela 

Equação 3. 

 
   

    

    
 

Equação 3 

Razão de polarização cruzada - cross-polarized ratio (Rc): parâmetro 

relacionado ao espalhamento volumétrico em relação superficial e double-bounce, 

conforme Equações abaixo: 

 
   

    

    
 

   
    

    
 

Equação 4 

 

Equação 5 

Além destes atributos citados, a resposta do espalhamento das diferentes 

polarizações permite obter informações relacionadas à estrutura da floresta podendo 

inferir sobre as características biofísicas da vegetação em questão. Pope, Rey-

Benayas e Paris (1994), sugeriram índices para estimar atributos biofísicos da 

vegetação: índices com a banda C aplicam-se principalmente às características do 

dossel superior, os índices para a P aplicam as características do tronco e 

ramificação, e os índices da banda L aplicam-se a qualquer região dependendo do 

tipo da vegetação, sendo eles:  

Índice de Biomassa - Biomass Index (BMI): expressa uma informação 

relacionada à biomassa lenhosa da vegetação a partir da relação indireta desta 
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variável com a biomassa foliar, obtido a partir da Equação 6. É influenciado pela 

umidade presente nas folhas, logo, também pela fase fenológica de senescência. 

 
    

         

 
 

Equação 6 

Índice de espalhamento volumétrico - Volume Scattering Index (VSI): reflete a 

medida de despolarização do retroespalhamento da onda incidente, relacionada 

principalmente aos componentes cilíndricos, como os troncos das florestas e com o 

tipo de comprimento de onda conforme Equação 7. 

 
     

    

        
 

Equação 7 

Índice de estrutura do dossel - Canopy Structure Index (CSI): representa a 

relação entre as estruturas verticais em função das horizontais presentes no interior 

da floresta. Está associado também às reflexões de canto (double-bounce), 

representado abaixo: 

 
     

    

         
 

Equação 8 

Outros índices utilizando as informações extraídas das imagens de radar tem 

sido propostos a fim de servirem como alternativa ao NDVI, sendo associados à 

biomassa da vegetação, como o Polarimetric Radar Vegetation Index (PRVI) por 

Chang, Shoshany e Oh (2018), Dual Polarization SAR Vegetation Index (DPSVI) por 

Periasamy (2018), Radar Vegetation Index (RVI) por Kim e Zyl (2004) e o RVI 

modificado para o Sentinel-1 por Nasirzadehdizaji et al. (2019), respectivamente, 

Equações 9, 10, 11 e 12. 

                    Equação 9 

Onde: DOP (grau de polarização) representa os DOPs médios para ondas 

polarizadas horizontal e verticalmente.  

 

      

       
                                     

                                       
 

         

 

Equação 10 

Onde: σVH (i) é o valor do coeficiente de retroespalhamento do i-ésimo pixel da 

imagem de polarização cruzada (VH). 
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σVV (i) é o valor do coeficiente de retroespalhamento do i-ésimo pixel da imagem de 

polarização co-polarizada (VV). 

σVV (max) é o valor máximo do coeficiente de retroespalhamento da imagem co-

polarizada (VV) 

  
    

     

                 
 

Equação 11 

 
               

     

           
 

Equação 12 

O imageamento a partir da polarimetria apresenta quatro componentes de 

retroespalhamento de cada célula podendo ser representados em uma matriz de 

espalhamento (HENDERSON; LEWIS, 1998), onde em um modo totalmente 

polarimétrico representa o comportamento da dispersão natural do terreno imageado 

descrito conforme a matriz Sinclair (S) (TRUONG-LOI; DUBOIS-FERNANDEZ; 

POTTIER, 2012) a seguir: 

      
      
      

  Equação 13 

Onde: (S) é o coeficiente de dispersão complexo (contém informação de fase e 

amplitude do sinal emitido e recebido nas quatro polarimetrias (HH; HV; VH e VV). 

A informação de fase está contida nas matrizes de espalhamento, a partir das 

quais são geradas as matrizes de covariância [C] e coerência (ou correlação) [T], 

importantes para a compreensão da resposta dos objetos. Os atributos obtidos a 

partir da decomposição destas matrizes são: entropia, anisotropia, ângulo alfa 

(CLOUDE; POTTIER, 1996), ângulo de orientação, ângulo de helipticidade, 

magnitude do tipo de espalhamento, fase do tipo de espalhamento (TOUZI, 2007), 

espalhamento double-bounce, espalhamento superficial, espalhamento volumétrico 

(FREEMAN; DURDEN, 1998), diferença de fase HH-VV, coerência polarimétrica 

(HENDERSON; LEWIS, 1998).  

A decomposição utilizando a matriz de coerência [T] (Equação 14) proposta 

por Cloude e Pottier (1996) objetiva adquirir os autovetores e autovalores conforme 

equação abaixo: 

             
            

            
    Equação 14 

Sendo que: λi são os autovalores e ei, os autovetores. 
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Entropia (Entropy - H): indica o grau de aleatoriedade do espalhamento médio 

dominante, onde uma imagem que apresenta um alto valor de entropia indica que 

tenha uma maior riqueza de detalhes, descrita na Equação 15. Quando H = 0 é 

considerado um processo determinístico e que há apenas um mecanismo de 

espalhamento; se 0 < H < 1 indica que mais de um mecanismo de espalhamento 

está contribuindo (espalhamento múltiplo); e H > 1 significa que não há um tipo de 

espalhamento dominante, havendo a contribuição de maneira proporcional dos 

mecanismos. 

 
              

 

   

    
  

   
 
   

 
Equação 15 

Onde: pi é a intensidade relativa de cada processo de espalhamento i, λi se refere 

aos mecanismos de espalhamento. 

Anisotropia (Anisotropy - A): indica a importância relativa aos mecanismos de 

espalhamento secundários (λ2 e λ3) (Equação 16), e quando a entropia apresenta 

valores entre o intervalo 0,5 e 0,7 a anisotropia se torna uma informação 

complementar, e em baixa entropia é afetado pelo ruído (LEE; POTTIER, 2009). Já 

se H for maior que 0,7 adiciona informação para o entendimento da relação sinal-

alvo. Alto valor de anisotropia indica que mais de um mecanismo de espalhamento 

está contribuindo, ou seja, o segundo mecanismo espalhamento (λ2), enquanto que 

um valor baixo indica que dois ou mais mecanismos estão contribuindo, λ3 

assumindo também importância no espalhamento. 

 
  

     

     
 

Equação 16 

Ângulo alfa (alpha angle - α): expressa o tipo dominante de espalhamento, 

associado aos autovetores, conforme Equação 17. Quando α = 0°, o mecanismo 

dominante é do espalhamento superficial; quando α = 45°, o mecanismo é do tipo 

dipolo, ou volumétrico; quando α = 90°, o espalhamento é do tipo double-bounce 

(CLOUDE; POTTIER, 1996). 

 
       

 

   

    
  

   
 
   

 
Equação 17 
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Onde: pi é a intensidade relativa de cada processo de espalhamento i, λ se refere 

aos mecanismos de espalhamento. 

 A entropia e o ângulo alfa podem ser graficamente relacionados, sendo 

conhecido como classificação entropia-ângulo alfa, a qual é constituída por zonas 

específicas (Figura 9) definidas a partir das respostas dos diferentes dispersores que 

compõem a imagem analisada (CLOUDE; POTTIER, 1997) e utilizada nos diversos 

estudos para identificar os tipos de espalhadores polarimétricos (FREITAS et al., 

2008; GUO et al., 2018; LI; ZHANG, 2018; FENG et al., 2019; ELANGO; HALDAR; 

DANODIA, 2021).  

Figura 9 - Classificação entropia-ângulo alfa. 

 

Fonte: PINHEIRO et al., 2020 (modificado de COULE e POTTIER, 1997). 
Legenda: Multiple scattering: espalhamento múltiplo; Volume scattering: espalhamento volumétrico; 
Surface scattering: espalhamento superficial; Mean Alpha (α): ângulo alfa médio; Entropy (H): 
entropia; Low: baixa entropia; Medium: média entropia; High: baixa entropia; Water/Mudflat [Bragg 
surface]: Água/lamaçal [superfície Bragg]; Water/Mudflat [Surface roughness propagation events]: 
Água/lamaçal [Eventos de propagação de rugosidade da superfície]; Unfeasible region: Nenhuma 
região usual; Vegetation with oriented structure [Dipole]: Vegetação com estrutura orientada [dipolo]; 
Short vegetation (grass): Vegetação baixa (grama); Tall vegetation [Surface roughness propagation 
events]: vegetação alta [eventos de propagação de rugosidade da superfície]; Tall vegetation (trees) 
[Branch/crown structure]: vegetação alta (árvores) [estrutura de galho/copa]; Buildings [Forestry 
double bounce]: Edifícios [double bounce florestal]; Buildings [Dihedral scatterer]: Edifícios [dispersor 
diedro]. 

 

Apesar de Touzi (2007) utilizar a matriz de coerência [T] (Equação 18) para 

extrair os atributos polarimétricos, ele se baseia no modelo do vetor de 

espalhamento dado pela projeção da matriz [S] na base de Pauli. A expressão do 

vetor de espalhamento é dada a seguir: 
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Equação 18 

Sendo que:  

m: se refere à amplitude máxima. 

Magnitude do tipo de espalhamento - scattering type magnitude (αs): se refere 

à magnitude do tipo de simetria relacionado ao tipo de espalhamento do alvo. 

Fase do tipo de espalhamento - scattering type phase (ϕ): fornece 

informações sobre o tipo de espalhamento. Espera-se que o espalhamento 

dominante tenha a fase de maior coerência, já que corresponde ao autovetor de 

maior autovalor.  

Ângulo de orientação - orientation angle (ψ): refere-se ao ângulo de inclinação 

do alvo em relação à visada do radar. O ângulo de rotação da onda de radar em 

relação à linha de visão do radar (BHARADWAJ et al., 2015) e a sua mudança pode 

resultar no aumento da intensidade de polarização cruzada, e consequentemente no 

aumento da dispersão de volume e espalhamento double-bounce, e possivelmente 

acarretando em estimativas errôneas dos parâmetros biofísicos em florestas (LEE; 

AINSWORTH, 2011). 

Ângulo de helipticidade - heliticity angle (τm): informa o grau de simetria do 

espalhamento do alvo. Quando vale 0 significa que o alvo é simétrico, e se variar até 

-45° e 45° indica que o espalhamento é do tipo hélice com orientação à direita e à 

esquerda, respectivamente. 

A decomposição de Freeman e Durden (1998) utiliza a matriz de covariância 

[C] (Equação 19) onde o princípio para o retroespalhamento total se dá pela soma 

dos mecanismos individuais (espalhamento volumétrico, superficial e double-

bounce) atrelados às suas respectivas matrizes, conforme equação a seguir: 

                        Equação 19 

Onde:  

Espalhamento volumétrico - volumetric scattering (Pv): expressa a 

contribuição do mecanismo de espalhamento volumétrico na potência total 

retroespalhada, de acordo com a Equação 20. 
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Equação 20 

Espalhamento superficial - surface scattering (Ps): representa a contribuição 

do espalhamento superficial (da superfície moderadamente rugosa) na potência total 

retroespalhada (Equação 21). 

               Equação 21 

Espalhamento double-bounce - double-bounce scattering (Pd): representa a 

contribuição do espalhamento double-bounce (de canto) na potência total 

retroespalhada, conforme equação descrita na Equação 22. 

               Equação 22 

Sendo: fv, fd e fs = contribuição dos espalhadores para a matriz de covariância [C] 

final; α relaciona-se aos efeitos de atenuação da propagação, mudança de fase e 

coeficientes de reflexão; e β é definido com a razão entre os coeficientes de reflexão 

da onda polarizada horizontalmente e verticalmente. 

 

2.1.3.2 Imageamento SAR em estudos florestais 

O grande aumento no uso de imagens SAR nas ciências florestais se dá 

devido a possibilidade de obter dados biométricos das árvores uma vez que, 

dependendo do comprimento de onda, os sinais emitidos pelo radar podem 

atravessar o dossel florestal e interagir com as suas estruturas dendrométricas, 

permitindo estimar características da vegetação acima do solo por meio da 

correlação com, por exemplo, equações alométricas (GIBBS et al., 2007).  

Os estudos florestais baseados em SAR estão associados diretamente ao tipo 

de comprimento de onda (banda/frequência) do sensor a ser trabalhado uma vez 

que ele tem um efeito significativo no nível de profundidade de penetração do sinal 

do radar no dossel da floresta. De forma simples, os comprimentos de onda mais 

longos permitem uma maior penetração no dossel florestal. Além disso, o 

sensoriamento remoto por micro-ondas é mais útil para o mapeamento da densidade 

da floresta por serem mais sensíveis à estrutura, tamanho, orientação e conteúdo de 

umidade de folhas, ramos e troncos, do que os dados ópticos (VARGHESE; JOSHI, 

2015).  
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O retroespalhamento das superfícies vegetativas é afetado por vários fatores 

que dependem tanto das características da própria vegetação, como a biomassa e a 

estrutura vegetal (tamanho da folha, índice de área foliar, densidade do caule, etc), 

assim como da condição local associada à umidade e rugosidade do solo, e ainda 

das interações destes fatores com as configurações dos sensores, tais como: 

frequência, polarização e ângulo de incidência (INOUE et al., 2002).  

O conhecimento das configurações do radar e da estrutura dos objetos 

possibilitam caracterizar os mecanismos de espalhamento (espalhamento múltiplo, 

superficial e/ou volumétrico (Figura 10)) que expressam a resposta polarimétrica 

(Figura 11) de alvos florestais (GARCIA et al., 2012). Por isso, é importante o uso de 

dados polarimétricos que possam ser decompostos por meio de métodos 

conhecidos como "decomposições do alvo" a fim de fornecer informações sobres 

esses mecanismos de espalhamento (VARGHESE; SURYAVANSHI; JOSHI, 2016). 

Figura 10 - Mecanismos do retroespalhamento no ambiente florestal. 

 

Fonte: BHARADWAJ et al., 2015. 
Legenda: Volume Scatteering: espalhamento volumétrico; Surface scattering: espalhamento 
superficial; Double bounce scattering: espalhamento duplo. 
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Figura 11 - Respostas polarimétricas da banda L de (a) floresta degradada, (b) 

floresta primária, (c) floresta selecionada seletivamente, (d) sucessão secundária 

avançada, (e) sucessão intermediária e (f) sucessão inicial. 

 

Fonte: SANTOS; GONÇALVES, 2009.  
Legenda: Normalized σ: σ normalizado; Orientation angle: ângulo de orientação; Ellipticity angle: 
ângulo de elipticidade. 

 

Os principais estudos voltados à área florestal são baseados nas informações 

do retroespalhamento dos objetos (KIM et al., 2012; MERMOZ et al., 2015; MINH et 

al., 2016; BAIG et al., 2017), e nos dados polarimétricos provenientes da 

decomposição das matrizes de espalhamentos (TOUZI; LANDRY; CHARBONNEAU, 

2004; DICKINSON et al., 2013; Du et al., 2015; FENG et al., 2017). Estudos também 

podem ser baseados nas diferenças de fases na parte de interferometria (ASKNE; 

SOJA; ULANDER, 2017; KUMAR et al., 2017, SOLBERG et al., 2017), ou ainda 

através de outras abordagens como uso da textura da imagem (CUTLER et al., 

2012; RAKWATIN et al., 2012; THAPA et al., 2015). 

(a)  (b)  

(c)  (d)  

(e)  (f)  

 



42 
 

  

Para a estimativa de biomassa florestal já existem muitos estudos com 

imagens SAR utilizando as várias bandas e polarizações nas diversas plataformas 

de aquisição de dados, conforme alguns exemplos citados na Tabela 3. 
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Tabela 3 - Algumas aplicações de imagens SAR para a estimativa de biomassa florestal acima do solo, considerando as diferentes 

formações vegetais no mundo e as abordagens aplicadas. 

Satélite Banda 
Polarização Tipo de 

Local 
Abordagem 

Autores 
usada floresta principal 

JERS-1 L HH Floresta tropical 

Brasil, 
Tailândia e 

Coeficiente de 
retroespalhamento, textura 

Cutler et al. 
(2012) 

Malásia e Landsat 4 e 5 

ALOS/PALSAR L HH-HV Savana Moçambique 
Coeficiente de 

retroespalhamento 

Carreiras, 
Melo e 

Vasconcelos 
(2013) 

ALOS/PALSAR L HH-HV Sub-tropical China Textura 
Sarker et al. 

(2013) 

ALOS/PALSAR L HH-HV Floresta boreal Alaska 
Coeficiente de 

retroespalhamento 
Atwood et al. 

(2014) 

ALOS/PALSAR L HH-HV Floresta tropical densa 

República 
Africana 

Coeficiente de 
retroespalhamento 

Mermoz et al. 
(2015) 

Central 

ALOS/PALSAR L HH-HV Floresta tropical decídua Índia 
Coeficiente de 

retroespalhamento 
Thumaty et al. 

(2016) 

ALOS/PALSAR L HH-HV 

Floresta de folhas agudas 

China 
Coeficiente de 

retroespalhamento 
Ma et al. 
(2017) 

Floresta de folhas largas 

Floresta mista 

ALOS/PALSAR L HH-HV 

Savana África do Sul 
Coeficiente de 

retroespalhamento 
Naidoo et al. 

(2015) 
TerraSAR-X X HH-HV 

RADARSAT-2 C HH-HV 

ALOS/PALSAR L HH-HV 
Florestas tropicais 

decíduas 
Índia 

Coeficiente de 
retroespalhamento e Landsat 

5 

Sinha et al. 
(2020) 

COSMO-Skymed X HH-HV 

RADARSAT-2 C HH-HV 
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ALOS/PALSAR L HH-HV Savana e bosques África 
Coeficiente de 

retroespalhamento 
Bouvet et al. 

(2018) 

ALOS/PALSAR  HH-HV 
Cerrado (savana) Brasil 

Coeficiente de 
retroespalhamento, Landsat 8 
e Light Detection And Ranging 

Bispo et al. 
(2020) ALOS-2  HH-HV 

ALOS-2 L HH-HV 

Floresta de folhas agudas 
caducifólias 

Vietnã 
Coeficiente de 

retroespalhamento 
Nguyen et al. 

(2016) Floresta de folhas largas 
perenes 

ALOS-2 L HH-HV Conífera Itália 
Coeficiente de 

retroespalhamento e 
Laurin et al. 

(2017) 

     
Landsat-8 

 

ALOS-2 L HH-HV Manguezal Vietnã 
Coeficiente de 

retroespalhamento 

Pham e 
Yoshino 
(2017) 

ALOS-2 L 
VV-VH 

Floresta de Hyrcanianas Iran 

Coeficiente de 
retroespalhamento e 

Vafaei et al. 
(2018) 

HH-HV Sentinel-2 

ALOS-2 L HH-HV 
Floresta Boreal Siberia 

Coeficiente de 
retroespalhamento 

Stelmaszczuk-
Górska et al. 

(2018) 
RADARSAT-2 C HH-HV 

RADARSAT-2 C 
VV-VH 

Conífera China 

Coeficiente de 
retroespalhamento e 

Shao e Zhang 
(2016) 

HH-HV Landsat-8 

RADARSAT-2 C 
VV-VH Floresta tropical úmida 

decídua 
Índia 

Coeficiente de 
retroespalhamento 

Sinha et al. 
(2018) HH-HV 

RADARSAT-2 C 

VV-VH 
Florestas tropicais de turfa 

e kerangas 
Indonésia 

Coeficiente de 
retroespalhamento, 

decomposições polarimétricas 
e índices polarimétricos 

Waqar et al. 
(2020) HH-VV 

 
Fonte: Elaboração própria. 
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2.1.3.3 Sentinel-1 

A missão Sentinel-1 é parte da iniciativa Copernicus desenvolvida pela 

Comissão Europeia e ESA formado por dois satélites (1-A e 1-B) de órbitas polares 

diferentes em 180° na fase orbital, síncrono ao sol, e que possui o objetivo de 

favorecer o monitoramento de florestas, solo ambientes aquáticos, e agricultura; 

bem como de catástrofes naturais e de mudanças climáticas; servir para 

observações de gelo marinho e icebergs; previsão de condições de gelo no mar; 

mapeamento de derramamento de óleo e detecção de embarcações marítimas 

(ESA, 2017). 

A plataforma do satélite está a 693 km de altitude, com inclinação de 98,18°, 

realizando o imageamento de radar de abertura sintética na banda C (C-SAR), com 

tempo de revisita de 6 dias caso ambos satélites estejam em operação, possui um 

radar de abertura sintética com centro de frequência de 5,405 GHz, polarizações 

duplas (VV+VH e HH+HV) e simples (HH e VV), com um ângulo incidente de 20° - 

45° e acurácia radiométrica de 1 dB (3σ) (ESA, 2013). 

 

2.1.3.3.1 Características dos produtos 

O Sentinel-1 opera em quatro modos de aquisição: Interferometric Wide 

Swath (IW), Wave (WV), StripMap (SM) e Extra-Wide Swath (EW) conforme Figura 

12. O Interferometric Wide Swath é o principal modo de aquisição em terra, podendo 

ser utilizado em avaliações de florestas e em mais diversos tipos de usos. os dados 

são adquiridos em faixa de 250 km com resolução espacial de 5 m por 20 m, e 

captura imagens em três subfaixas utilizando a técnica Terrain Observation with 

Progressive Scans SAR (TOPSAR). Possui as polarizações: HH/HV, VV/VH, HH, VV 

(ESA, 2017). Similar ao modo IW, o Extra-Wide Swath (EW) usa a técnica TOPSAR 

para obter dados em uma área muito maior utilizando cinco faixas, sendo aplicado 

principalmente a estudos relacionados a gelo marinho, zonas polares, 

monitoramento de óleo derramado em mar e detecção de navios em mar aberto. 

Além disso, pode ser usado para interferometria, pois compartilha as mesmas 

características para a sincronização, a linha de base e a estabilidade Doppler, assim 
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como o modo IW. O modo EW adquire dados em uma faixa de 400 km a uma 

resolução espacial de 20 m por 40 m (ESA, 2017). 

Figura 12 - Modos de aquisição dos produtos do Sentinel-1. 

 

Fonte: ESA, 2017. 
Legenda: Orbit Height: altura da órbita; Flight Direction: direção de voo; Sub-Satellite Track: trajeto do 
sub-satélite. 

 

O modo Wave (WV) é utilizado para estudar ventos marinhos, com resolução 

espacial de 5 x 5 m e uma aquisição de dados de 20 km por 20 km. É semelhante à 

imagem de modo wave das missões (European Remote Sensing) ERS e 

Environmental Satellite (ENVISAT), mas com resolução melhorada com um novo 

padrão de aquisição, exclusivamente na polarização VV ou HH, com maiores áreas 

imageadas, cada uma processada como uma imagem separada, e sendo contida 

em uma imagem independente dentro do produto (ESA, 2017).  

O modo StripMap (SM) adquire dados em faixa de 80 km, com uma resolução 

espacial de 5 m por 5 m, apresentando as polarizações: HH/HV, VV/VH, HH, VV, 

podendo operar com um dos seis feixes de elevação pré-definidos, cada um com um 

ângulo de incidência diferente, sendo que esse ângulo é o ângulo entre o feixe SAR 

incidente e o eixo perpendicular à superfície do solo geodésico local, sendo aplicado 
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em estudos de monitoramento de inundações, análise de terremoto, monitoramento 

de vulcões e de deslizamento de terra (ESA, 2017). 

Além dos quatro modos de aquisição, os produtos do Sentinel-1 podem ser 

distribuídos em até três níveis de processamento (L0, L1 e L2), com os modos IW, 

SM e EW sendo disponibilizado no nível 0, 1 e 2, e o WV apenas no nível 2 (Figura 

13). Todos os produtos são processados diretamente do produto nível 0, sendo este 

o nível base da qual todos os outros produtos de alto nível são produzidos, e que 

são os dados brutos comprimidos e não focados, incluem o ruído, calibração interna 

e pacotes de fonte de eco, bem como informações de órbita e atitude (ESA, 2017). 

Figura 13 - Nível de processamento dos produtos distribuídos em cada modo de 

aquisição. 

 

Fonte: ESA, 2017.  
Legenda: SM: StripMap; IW: Interferometric Wide Swath; EW: Extra-Wide Swath; WV: Wave; L0 raw: 
imagem bruta; L1 SLC: imagem Single Look Complex; L1: Ground Range Detected; Full Resolution: 
resolução total; High Resolution: alta resolução; média resolução; L2 OCN: Ocean (imagem 
oceânica); OWI: Ocean Wind field (para Ventos Oceânicos); OSW: Ocean Swell spectra (para Ondas 
Oceânicas); RVL: Surface Radial Velocity (Velocidade Radial da Superfície).  

 

O nível 1 (L1) pode ser obtido em duas formas: SLC e GRD, gerado pela 

aplicação de algoritmos e dados de calibração. O produto SLC (Single Look 
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Complex) é um dado SAR focalizado, e georreferenciado usando a órbita e os dados 

de atitude do satélite e é fornecido em geometria de inclinação em zero-Doppler, 

incluindo um único aspecto em cada dimensão usando a largura de banda de sinal 

disponível completa e amostras complexas (reais e imaginárias) preservando a 

informação da fase. O produto GRD (Ground Range Detected) consiste em um dado 

SAR focalizado e projetado para o nível do solo usando um modelo de elipsóide da 

Terra, como o WGS84, em pixels de resolução quadrada com speckle reduzido, com 

os valores de cada pixel representando a magnitude detectada e sem informação de 

fase, podendo ter até três resoluções: Resolução Total (Full Resolution), Alta 

Resolução (High Resolution) e Média Resolução (Medium Resolution) (ESA, 2017). 

 O nível 2 (L2) consiste em produtos geofísicos geolocalizados derivados do 

Nível 1. Os produtos OCN são utilizados para aplicações relacionadas ao vento, 

ondas e correntes podem conter os seguintes componentes geofísicos derivados 

dos dados SAR: Ocean Wind field (OWI), Ocean Swell spectra (OSW), Surface 

Radial Velocity (RVL), sendo que os metadados referentes ao componente OWI são 

derivados de um produto GRD processado internamente, e os metadados referentes 

ao RVL (e OSW, para SM e WV) são derivados de um produto SLC processado 

internamente (ESA, 2017). 

 

2.1.3.3.2 Aplicações na vegetação 

O Sentinel-1, por ser um sensor novo, está começando a ser utilizado em 

diversas áreas de pesquisa. Sonobe et al. (2017) avaliaram e validaram o potencial 

do seu uso juntamente ao Sentinel-2 na classificação de colheitas perante à 

sensibilidade dos modelos de classificação na polarização VV. Veloso et al., (2017) 

utilizaram o Sentinel-1 para compreender o comportamento temporal de diferentes 

tipos de cultivos agrícolas (trigo, cevada, colza, milho, soja e girassol) no sul da 

França, em conjunto ao Sentinel-2, e constataram que a razão VH/VV pode ser 

usada com sucesso na recuperação de parâmetros biofísicos e na assimilação direta 

de biomassa em modelos de safra, e ainda também é capaz de detectar o rebrote 

espontâneo pós-colheita. Torbick et al. (2017) e Clauss, Ottinger e Kuenzer (2018) 

aplicaram em áreas de arroz, monitorando a produção de arroz até mesmo no 
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âmbito das mudanças fenológicas das séries temporais e os resultados indicaram o 

sensor pode ajudar a obter informações para garantir a segurança alimentar no 

território do Myanmar, e mapeando as áreas de cultivo na Ásia, Europa e EUA.  

Inglada et al. (2017) também destacaram que as séries temporais das 

imagens SAR permitem melhorias significativas na classificação da cobertura do 

solo, com identificação precoce da cultura. Já Omar, Misman e Kassim (2017) e 

Rüetschi, Schaepman e Small (2018) analisaram, respectivamente, a biomassa 

acima do solo, e monitorando a fenologia e classificaram as florestas decíduas e 

coníferas no norte da Suíça. Clerici, Calderón e Posada (2017) utilizaram dados 

Sentinel-1 em conjunto com dados Sentinel-2 para mapear a cobertura da terra na 

região da Baixa Magdalena, na Colômbia.  

Plank et al. (2017) observaram uma boa acurácia nas polarizações HH e VV 

para classificar água, terra seca e vegetação inundada, podendo até melhorar os 

resultados combinando com as quatro polarizações do ALOS-2. Dabrowska-

Zielinska et al. (2016) aplicaram imagens PALSAR do ALOS 2 para calcular a 

umidade do solo e estimar as trocas de CO2 com a atmosfera, sendo uma fonte 

importante para monitorar frequentemente as áreas úmidas. Zeng et al. (2017) 

demonstraram o potencial do uso de dados SAR Sentinel-1 para identificar variações 

mensais da área do lago Poyang, China, independentemente das condições 

climáticas. Aplicações SAR em regiões associadas a corpos hídricos continentais é 

vista em outros estudos (CAZALS et al., 2016; MURO et al., 2016; BAN et al. 2017), 

assim como focados em oceanos (HUANG et al., 2017; SHAO et al., 2016) e 

geleiras (YU et al., 2017; MOUGINOT et al., 2017; SÁNCHEZ-GÁMEZ; NAVARRO, 

2017; STROZZI et al., 2017). 

Verhegghen et al. (2016) demonstraram o potencial de uso do Sentinel-1 

integrado ao óptico (Sentinel-2) para detectar e monitorar indícios de fogo em 

ecossistemas florestais, porém verificaram uma sensibilidade desse SAR à umidade 

do solo. Engelbrecht et al. (2017) verificaram uma alta acurácia para indicar as áreas 

queimadas, porém observaram a ineficiência do ângulo alfa derivado da 

decomposição matricial em separar os mecanismos de retroespalhamento. 
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2.2 Metodologia  

2.2.1 Área de estudo 

A região estudada está localizada na região semiárida do estado de Sergipe, 

Brasil (INSA, 2019), compreendida no Território do Alto Sertão Sergipano o qual 

possui cerca de 4.900 km2 (SEPLAG, 2011; SEMARH, 2012), numa área 

considerada de desertificação conforme o Inventário Florestal Nacional do Serviço 

Florestal Brasileiro (MMA, 2018). O clima é do tipo BSh de acordo com a 

classificação de Köppen, condicionada a uma precipitação anual inferior a 700 mm e 

a temperatura média que varia de 24 a 26 °C (ALVARES et al., 2014).  

A vegetação está compreendida no bioma Caatinga, sendo composta por 

espécies decíduas espinhosas arbóreas e arbustivas, típica de climas semiáridos a 

áridos (VELOSO; RANGEL-FILHO; LIMA, 1991), com presença de remanescentes 

florestais hiperxerófitos em diferentes estágios de conservação (RIBEIRO; MELLO, 

2007) e categorizada como Tropical Dry Forest (FAO, 2012). O solo é classificado 

como Luvissolo e Planossolo (EMBRAPA, 2011), situados no revelo denominado 

Pediplano Sertanejo (SEMARH, 2012). 

 

2.2.2 Estrutura do trabalho 

 O estudo foi realizado por meio da elaboração de artigos científicos, sendo 

divididos em subsidiários e de estimativa de biomassa, afim de cumprir, 

respectivamente, o objetivo geral e cada objetivo específico da tese, e cada artigo 

teve o desenvolvimento das atividades conforme o fluxograma metodológico na 

Figura 14. No Artigo 1 e Artigo 2, os estudos foram realizados na Unidade de 

Conservação Estadual Monumento Natural Grota do Angico, no noroeste do estado 

de Sergipe. Especificamente no Artigo 1 foram gerados dados de NDVI da 

vegetação obtidos a partir de imagens do sensor OLS/TIRS do satélite Landsat-8 

(USGS, 2017) e obtidas as características fisiográficas relativas à altimetria, 

declividade, tipo de solo e proximidade do Rio São Francisco a partir das camadas 

vetoriais do Atlas Digital de Recursos Hídricos do Estado de Sergipe (SEMARH, 

2012). A análise estatística foi baseada na associação dos valores de NDVI com os 
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valores de cada fator fisiográfico por meio de regressão múltipla por meio do método 

forward e a correlação de Pearson realizados no software SPSS.   

 

Figura 14. Fluxograma metodológico das atividades e resultados gerados na tese.  
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 No Artigo 2 foi obtido o NDVI relativo a um fragmento de Caatinga densa e 

outro de Caatinga aberta utilizando o produto MOD13Q1 do sensor MODIS de uma 

série de 2000 a 2018 (EMBRAPA, 2018) e o regime pluviométrico através de dados 

do produto 3B43 V6 do TRMM (INPE, 2018) e geradas as anomalias para cada 

variável. A análise fenológica da Caatinga densa e aberta foi realizada aplicando 

métodos de estimativa: Beck, Elmore, Klosterman e Gu, e obtidas as variáveis: start 

of season, end of season, peak of season position, length of season, mean growing 

season e maximum seasonal, para a série temporal estudada e para anos anômalos 

(para chuvoso e seco) utilizando o pacote Phenopix no software R. 

 O Artigo 3 teve os municípios de Canindé de São Francisco e Poço Redondo 

como área de estudo, nas proximidades da Unidade de Conservação Estadual 

Monumento Natural Grota do Angico onde foram instaladas 18 parcelas de 30 x 30 

m para a realização do inventário florestal. Em cada parcela foram registrados e 

mensurados todos os indivíduos vivos e mortos com circunferência à altura do peito 

a 1,30 m do solo dos fustes igual ou superior a 6 cm. As espécies foram 

identificadas e sendo verificada a composição, diversidade e similaridade florística, e 

analisados os parâmetros fitossociológicos considerando o levantamento total e por 

parcela.    

 O Artigo 4 realizou o levantamento do estado da arte referente às abordagens 

de estudo com imagens de radar das variáveis biofísicas nas diferentes formações 

florestais no Brasil utilizando bases de dados de pesquisa como: Elsevier, 

ScienceDirect, Springer, Web of Science, Taylor e Francis Online, Google Scholar e 

MDPI. 

 No Artigo 5 foram selecionados 30 fragmentos de Caatinga nos municípios de 

Canindé de São Francisco, Poço Redondo e Porto da Folha, sendo utilizados como 

amostras para a extração de valores de decibéis em uma área de 50 x 50 m na 

polarização VV, VH e razão de bandas (VH/VV) das imagens do Sentinel-1 (ESA, 

2019) obtidas sob influência do período seco e pós-chuvoso na vegetação de 

Caatinga. Foram testados diferentes tamanhos de janelas de filtragem (5 x 5 m, 7 x 

7 m, 9 x 9 m, 11 x 11 m e 15 x 15 m) nos filtros: Gamma Map, Lee Sigma, Median e 

Frost, juntamente com Refined Lee e a imagem sem filtro, obtendo os valores de 

número equivalente de looks (ENL) em cada imagem utilizando o software Sentinel 
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Application Platform-SNAP (ESA, 2020), e comparados pelo teste de médias de 

Tukey a 5% de significância. 

 Os Artigo 6 utilizou os dados do inventário realizado no Artigo 3, os quais 

serviram como base para a data de obtenção das imagens do Sentinel-1 sob três 

períodos da Caatinga (verdor, intermediário e seca), bem como para calcular a 

biomassa acima do solo da Caatinga. No Artigo 6 foram gerados dados de entropia 

e ângulo alfa a partir da decomposição das matrizes da imagem Single Look 

Complex do Sentinel-1 nos diferentes filtros polarimétricos (BoxCar, IDAN, Improved 

Lee Sigma e Refined Lee) utilizando o SNAP (ESA, 2020). Cada valor de entropia e 

ângulo alfa foi relacionado à biomassa acima do solo da Caatinga por meio de 

regressões lineares simples e múltiplas. 

 Assim com o Artigo 6, o Artigo 7 também tomou como base de dados o Artigo 

3, e aproveitou ainda os resultados das entropias e ângulos alfa obtidos no Artigo 6. 

Para a estimativa da biomassa acima do solo também fez-se o teste dos atributos 

incoerentes (VV, VH, VH/VV e índices de vegetação de radar) obtidos da imagem 

Ground Range do Sentinel-1 com a utilização do SNAP (ESA, 2020). Os atributos 

coerentes e incoerentes foram avaliados por meio de regressões lineares simples e 

múltiplas, sendo, portanto, estimados os modelos mais acurados para estimativa da 

biomassa para a Caatinga. 

 

2.3 Resultados e discussões 

A produção científica decorrente da tese foi realizada em formato de artigos 

científicos conforme normas do Programa de Pós-Graduação em Sensoriamento 

Remoto, listados a seguir. Foram sendo selecionados os artigos 4, 5, 6 e 7 para 

sequencial apresentação neste capítulo uma vez que tratam de utilização de 

imagens SAR, considerando que são diretamente relacionados com o objetivo da 

tese. 

Artigo 1:  JESUS, J.B.; RIBEIRO, M.M.; KUPLICH, T.M.; SOUZA, B.B.; GAMA, D.C. 

Statistical analysis of the spatial relationship of Caatinga and physiographic factors 
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through remote data. FLORESTA, v.49, n.4, p.755-762, 2019. DOI: 

http://dx.doi.org/10.5380/rf.v49i4.58519 

Artigo 2: JESUS, J.B.; KUPLICH, T.M.; BARRETO, Í.D.C.; ROSA, C.N.; 

HILLEBRAND, F.L. Temporal and phenological profiles of open and dense Caatinga 

using remote sensing: response to precipitation and its irregularities. Journal of 

Forestry Research, v.32, n.9, p.1067-1076, 2021. DOI: 

https://doi.org/10.1007/s11676-020-01145-3 

Artigo 3: JESUS, J.B.; OLIVEIRA, D.G.; ARAÚJO, W.S.; CRUZ, L.S.; KUPLICH, 

T.M. Influence of anthropization on the floristic composition and phytosociology of the 

Caatinga susceptible to desertification in the state of Sergipe, Brazil. Publicado 

online em: Tropical Ecology, 11p., 2022. DOI: https://doi.org/10.1007/s42965-021-

00201-1 

Artigo 4: JESUS, J.B.; KUPLICH, T.M. Applications of SAR data to the estimate of 

forest biophysical variables in Brazil. CERNE, v.26, n.1, p.88-97, 2020. DOI: 

https://doi.org/10.1590/01047760202026012656 

Artigo 5: Speckle reduction for Sentinel-1A SAR images in the semiarid Caatinga 

region, Bazil. Em avaliação em: Remote Sensing Applications: Society and 

Environment (ISSN: 2352-9385) sob o número do manuscrito: RSASE-D-20-00075 

(submetido em: 27/12/2020). 

Artigo 6: Dual Polarimetric Decomposition in Sentinel-1 images to estimate 

aboveground biomass of arboreal Caatinga. Em avaliação em: Remote Sensing 

Applications: Society and Environment (ISSN: 2352-9385) sob o número do 

manuscrito: RSASE-D-21-00738 (submetido em: 01/12/2021). 

Artigo 7:  Aboveground biomass estimation of arboreal Caatinga using Sentinel-1 

images.  
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https://doi.org/10.1007/s11676-020-01145-3
https://doi.org/10.1007/s42965-021-00201-1
https://doi.org/10.1007/s42965-021-00201-1
https://doi.org/10.1590/01047760202026012656
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2.3.1 Artigo 1: Statistical analysis of the spatial relationship of Caatinga and 

physiographic factors through remote data.  

 

Análise estatística da relação espacial da caatinga e fatores fisiográficos 

através de dados remotos. 

A caatinga é característica do semiárido do Brasil, de significativa 

abrangência no nordeste do país e, por isso, técnicas de geoprocessamento e 

estatística podem ser importantes ferramentas para analisar os fatores ambientais 

associados a sua distribuição. O estudo teve o objetivo de analisar a relação da: 

altimetria, declividade, tipo de solo e proximidade do rio na distribuição espacial da 

vegetação de caatinga, utilizando uma base de dados gerada por técnicas de 

geoprocessamento. Foi utilizados o NDVI gerado a partir de imagens do Landsat-8 

referente ao período chuvoso e seco na área de estudo, e dados vetoriais do Altas 

Digital de Recursos Hídricos do Estado de Sergipe. A análise estatística foi baseada 

na regressão múltipla por meio do método forward e a correlação de Pearson. Os 

resultados mostram que a estação climática é a única variável que apresentou um 

coeficiente de determinação alto com a vegetação de caatinga (R2 = 0,956), 

enquanto as demais variáveis independentes tem fraca ou inexistente correlação.  

As técnicas de geoprocessamento permitiram observar que a Caatinga tem uma 

distribuição espacial generalista de ocorrência, não tendo um padrão definido. 

Palavras-chave: Floresta seca. NDVI. Sensoriamento remoto. Múltiplas variáveis. 
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2.3.2 Artigo 2: Temporal and phenological profiles of open and dense Caatinga using 

remote sensing: response to precipitation and its irregularities.  

 

Perfis temporais e fenológicos da Caatinga aberta e densa por sensoriamento 

remoto: resposta à precipitação e suas irregularidades. 

 A Caatinga é o Bioma típico do semiárido brasileiro, sujeito às mudanças 

climáticas, e que necessitam de pesquisas voltadas à relação entre as suas 

fisionomias e os eventos climáticos. Sendo assim, o objetivo do presente estudo foi 

analisar o comportamento da precipitação e da sua influência na vegetação de 

caatinga arbórea aberta e densa, avaliando as anomalias pluviométricas e as 

respostas destas fisionomias vegetais. Foram geradas as curvas fenológicas por 

meio dos perfis temporais do NDVI (Normalized Difference Vegetation Index), no 

remanescente deste Bioma na Unidade de Conservação Grota do Angico, estado de 

Sergipe. Analisou-se o comportamento temporal do regime pluviométrico através de 

dados do produto 3B43 V6 do TRMM, e do NDVI pelo produto MOD13Q1 do sensor 

MODIS de uma série de 2000 a 2018, e das anomalias de ambos. Além disso, foram 

geradas as curvas fenológicas analisando os métodos de estimativa: Beck, Elmore, 

Klosterman e Gu, e obtidas as variáveis: start of season, end of season, peak of 

season position, length of season, mean growing season e maximum seasonal, para 

a série temporal estudada e para anos anômalos (para chuvoso e seco) utilizando o 

pacote Phenopix no software R. Os resultados mostraram que a precipitação possui 

um comportamento intra-anual padrão. A caatinga arbórea densa apresentou maior 

expressão do índice de vegetação em todos os períodos analisados, até mesmo em 

anos anômalos, além de ter maior tempo com presença de cobertura de folhas ao 

longo do ano, com início antecipado e fim da estação sazonal mais prolongado. A 

análise da relação entre o regime pluviométrico permitiu analisar a sua influência na 

Caatinga estudada, e a obtenção do perfil fenológico se mostrou fundamental para 

se conhecer os períodos de mudança fisiológica da caatinga arbórea aberta e 

densa, a partir das variáveis analisadas. 

Palavras-chave: Floresta tropical seca. MODIS. Índice de vegetação. Sazonalidade. 

Fenologia. Phenopix. 
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2.3.3 Artigo 3: Influence of anthropization on the floristic composition and 

phytosociology of the Caatinga susceptible to desertification in the state of Sergipe, 

Brazil.  

 

Influência da antropização na composição florística e fitossociologia da 

Caatinga suscetível à desertificação no estado de Sergipe, Brasil. 

 Estudos florísticos e fitossociológicos fornecem informações relevantes a 

respeito das comunidades vegetais, indicando, inclusive, o estado de antropização 

em áreas de vegetação nativa. Sendo assim, o presente estudo teve o objetivo de 

identificar a composição florística e analisar os parâmetros fitossociológicos em área 

de ocorrência natural de Caatinga, verificando a interferência humana na flora local. 

Foram instaladas 18 parcelas de 30 x 30 m nos municípios de Canindé de São 

Francisco e Poço Redondo, no semiárido do estado de Sergipe, Brasil. Em cada 

parcela foram mensurados todos os indivíduos vivos e mortos com circunferência à 

altura do peito a 1,30 m do solo dos fustes igual ou superior a 6 cm. As espécies 

registradas foram identificadas, sendo verificada a composição, diversidade e 

similaridade florística, e analisados os parâmetros fitossociológicos considerando o 

levantamento total e por parcela. A família botânica Fabaceae foi a mais 

representativa na área estudada com 7 espécies, sendo Cenostigma pyramidale a 

mais abundante entre as 25 identificadas, e, de modo geral, apresentou também os 

maiores valores para os parâmetros fitossociológicos. A similaridade florística entre 

as parcelas indicou a formação de 4 grupos, com a distinção entre os diferentes 

níveis de conservação. As parcelas mais conservadas apresentaram maior 

diversidade e valores de parâmetros fitossociológicos mais altos, havendo tendência 

de relação entre a conservação da vegetação e tais variáveis. Portanto, foi possível 

constatar que a atividade humana tem forte influência na composição e estrutura da 

vegetação de Caatinga. Adicionalmente, verificou-se que há relação entre o nível de 

conservação da flora e a diversidade, abundância e área basal. O resultado da 

atividade humana na Caatinga analisada mostrou que há necessidade de medidas 

que atuem na redução e mitigação da perda da flora local, bem como na 

recuperação das áreas antropizadas. 

Palavras-chave: Desmatamento. Diversidade. Floresta tropical seca. Semi-árido. 
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2.3.4 Artigo 4: Applications of SAR data to the estimate of forest biophysical 

variables in Brazil. 
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2.3.5 Artigo 5: Speckle reduction for Sentinel-1A SAR images in the semi-arid Caatinga 

region, Brazil 

Speckle reduction for Sentinel-1A SAR images in the semi-arid Caatinga region, Brazil 
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Abstract 

Due to the absence of studies related to the digital processing of SAR images in the semi-arid 

region of Brazil, the aim of this study was to test different filters for reducing speckle noise in 

SAR images. Filter window sizes were tested on the C band images with the VV and VH 

polarizations and in the Sentinel-1A band ratio (VH/VV), verifying the responses under the 

influence of the dry and post-rainy period in the Caatinga vegetation. The studied semi-arid region 

is located in the State of Sergipe, where 30 samples were selected from the remaining fragments of 

the Caatinga biome. Sentinel-1A images were obtained for the dry and post-rainy season, and the 

following filters were tested: Gamma Map, Lee Sigma, Median, and Frost, in window sizes of 5 x 

5 m, 7 x 7 m, 9 x 9 m, 11 x 11 m, and 15 x 15 m, Refined Lee and unfiltered image, in the VV and 

VH polarizations and band ratio (VH/VV). For all images evaluated, the values of the averages of 

the equivalent number of looks (ENL) were compared by the Tukey test at 5% significance, as 

well as the proximity analysis and descriptive statistics using boxplots, in data converted to 

logarithmic scale. The Gamma filter showed the highest amount of means (22) with the highest 

ENL values, followed by Median (5), considering both periods studied. The mean values increase 

for the filters in all polarizations as window size increases. In general, there was a high statistical 

similarity between the averages, both between filters and between window sizes. The generation 

of ENL results and their comparison, considering all variables used, was essential to serve as a 

basis for choosing the filtering method in studies that use data from Sentinel-1A in the Caatinga 

region. 

Keywords: Dry Tropical Forest, synthetic aperture radar, digital image processing, noise 

 

Introduction 

The acquisition of images by the synthetic aperture radar system (SAR) is carried out by 

transmitting and receiving coherent signals in the microwave range. For polarimetric SARs, such 

as that of Sentinel-1A, the signals have their phase preserved and are formed by amplitude and 

phase in a complex number. Each resolution cell is the result of the contributions of all individual 

scatterers present in the cell. These contributions interfere in a destructive or constructive manner, 

resulting in speckle – a type of random noise intrinsic of this image type (Gleich 2018; Singh and 

Shree 2018). Speckle causes the typical granular appearance of SAR images, due to strong 

variations of phase interferences from pixel to pixel (Jidesh and Balaji 2018; Shafiei et al. 2018). 

Speckle reduces the visual quality of SAR images and can hamper their interpretation, 

affecting the accuracy of their classification and analysis (Gui et al. 2018; Torres et al. 2014). 
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Therefore, one important step in the processing and, subsequently, analysis of SAR images 

consists of reducing the speckle effect before the extraction of the desired information (Lang et al. 

2015; Meng et al. 2018; Yue et al. 2018). For this purpose, it is necessary to apply filters to 

attenuate speckle while preserving information contained in the images and maintaining, for 

example, the polarization information (Yi et al. 2018; Jain and Ray 2019). 

Due to the importance of the speckle reduction in the processing of SAR images, several 

filters for this purpose have already been suggested, with significant advances in recent decades 

(Lang et al. 2014; Yi et al. 2018). Even with the difficulty in modeling noise mathematically, 

given the different types of SAR data (Tang et al 2019), and with the consensus that there is no 

ideal filtering method (Gomes et al. 2016), there are currently filters available with excellent 

performances (Xu et al. 2018). 

The filtering methods are prepared according to algorithms that are based on the speckle 

statistics and can be grouped in the frequency (wavelet) and spatial domain (Shafiei et al. 2018; 

Yue et al. 2018; Sivaranjani et al. 2019). Both are widely used, although spatial filters, such as 

mean and median filters, stand out for being simpler. Nevertheless, they are influenced, for 

instance, by the number of looks and window size applied to the image (Tang et al. 2019), and 

although there are a number of filters available, the selection of the window size is a challenging 

step in digitally processing images in order to choose the most suitable one (Mahdavi et al. 2018). 

Therefore, prior evaluation of the filtering method is essential, as found by Woźniak et al. 

(2016) who found that the filter for reducing speckle noise as a function of the size of the filtering 

window influences the accuracy of the land cover classification using polarimetric L-band images 

from ALOS/PALSAR.  

One of the ways to assess the level of speckle reduction can be through the analysis of the 

equivalent number of looks (ENL) that a given filter or window size generates in the resulting 

image. ENL is a simple and general method applied in homogeneous areas to assess speckle 

reduction allowing to compare the performance of different filters (Liu et al. 2017; Gleich 2018; 

Singh and Shree 2018; Mahdianpari et al. 2019) and its application does not require prior 

knowledge about the noiseless data (Jain and Ray 2019). However, the ENL is dependent on the 

size of the analyzed area in the image and as it is applied in homogeneous regions, the use in the 

entire image can generate high values, which must be observed regarding its use. As a way to 

reduce this problem, it should be evaluated using block processing in a non-overlapping fashion 

since the SAR image has a uniform and no uniform regions both (Singh and Shree 2018). 
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In Brazil, filter tests for speckle reduction in different window size configurations are still 

scarce to serve as pre-processing information for SAR images. Specifically in the semi-arid region 

of Brazil, this type of study does not yet exist, in addition to the lack of research using SAR data 

for biomass estimates in this region (Jesus and Kuplich 2020). This region is composed of typical 

vegetation called Caatinga, also known as Tropical Dry Forest (FAO 2012), forming a set of dry 

land biomes spread across the world (Bastin et al. 2017). According to the Ministry of 

Environment of Brazil (2020), it occupies about 11% of the national territory, distributed across 

10 states. 

Considering also the influence of the cloud cover, which hinders the application of optical 

data, and the non-limitation of SAR imaging to this situation, radar imaging can be promising for 

the development of research (Reiche 2015; Gao et al. 2020), mainly in tropical regions due to the 

high amount of clouds (Hirschmugl et al. 2014; Shrestha et al. 2019), and may, thus, comprise an 

alternative source for data collection in the semi-arid region of Brazil. 

Therefore, the purpose of this study was to test different speckle filters using different 

window sizes in the Sentinel-1A C band images with VV, VH and the VH/VV band ratio in the 

Caatinga region. SAR images from dry and post-rainy periods were evaluated. The aim is also to 

generate data in order to serve as an information database in the pre-processing stage of these 

types of images in future studies that approach the Caatinga as a subject of study. 

 

Material and Methods 

Study area 

The studied region is located in the Alto Sertão Sergipano Territory, with an area of 

approximately 4,900 km
2
 (SEPLAG 2011; SEMARH 2012), specifically in the municipalities of 

Canindé de São Francisco, Poço Redondo, and Porto da Folha, in the state of Sergipe (Figure 1). It 

has a semi-arid climate of low latitude and altitude, classified as BSh according to the Köppen 

classification (Alvares et al. 2014). The soil is classified as a Luvisol and Planosol (EMBRAPA, 

2011) comprised in reliefs dissected in hills and tabular interflows, with a pediplain surface 

located in the Sertão Pediplain (SEMARH 2012). 

The area presents a vegetal formation composed of deciduous trees and thorny shrubs, 

typical of semi-arid to arid climates (Veloso et al. 1991), characterized as hyper-xerophilous 

Caatinga (Ribeiro and Mello 2007). This vegetation was the focus of the study, where 30 

remaining fragments distributed in the region were selected (Figure 1). To do this, a previous 

identification of the areas was carried out using optical images from Sentinel-2 and the Google 
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Earth platform, and later on field visits, where they were verified and georeferenced by the 

absolute method, using the C/A code GNSS from the Garmin GPSMap brand (from December 

2018 to February 2019). As a selection criterion, the regions with the least variation in relief were 

adopted, thereby reducing the effect of the geometry of the land, as well as fragments with 

sufficient dimensions not to be influenced by other classes of land use and coverage. 

 

Data collection, processing and analysis 

The Sentinel-1A images were obtained on 10/26/2018 and 12/25/2018, referring, 

respectively, to the dry and post-rainy season (a condition in which there is no more occurrence of 

precipitation, but there is a canopy in the Caatinga). The acquisition of the images was performed 

directly on the website of the European Space Agency (ESA 2019), in the VV and VH 

polarizations, in Interferometric Wide (IW) mode and level 1 Ground Range Detected (GRD) 

format. Based on the polarized images, the band-ratio image through the relationship between 

cross- and co-polarization (VH/VV) for each period studied. 

The choice of dates was made based on the contrast of the physiological expression of the 

vegetation in the region studied from the NDVI (Normalized Difference Vegetation Index) value 

according to data from the MODIS (Moderate Resolution Imaging Spectroradiometer) selected for 

the area of 250 x 250 m from the Caatinga (central coordinate: 9.70729 S; 37.68646 W) made 

available by the Web tool SATVeg (EMBRAPA 2019). The rainfall condition (Station 

identification: 31785) obtained from the records of the historical database of the Integrated 

Environmental Data System (SINDA) of the National Institute for Space Research (INPE 2020) 

was also analyzed, in order to characterize the condition of the region studied (Figure 2). The 

precipitation event closest to the acquired images occurred for the dry period, 4 days before with a 

precipitated volume of only 8.5 mm/day, thereby not affecting the characteristics to be studied. 

The pre-processing of the images was performed according to Filipponi (2019), and, as it 

was the case in their processing, the SNAP software (Sentinel Application Platform) (ESA 2020) 

was used. The tested filters were Gamma Map, Lee Sigma (both with 1 look), Median and Frost 

(this one with a damping factor of 2), applied in window sizes of 5 x 5 m, 7 x 7 m, 9 x 9 m, 11 x 

11 m, and 15 x 15 m, Refined Lee and the image without filter (No Filter), in the VV and VH 

polarization and band ratio (VH/VV). 

Finally, the backscattering coefficients converted into decibels (dB) were extracted in each 

of the 30 samples selected in the Caatinga fragments, in a standardized manner, using a vector 

polygon in the same size shapefile format (area of 50 x 50 m), for each type of filter and window 
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size applied, the whole process being carried out in both polarizations and in the band ratio, 

considering the two periods evaluated. Optical images from Sentinel-2 (images in Figure 1) and 

the Google Earth platform were used to delimit the sample units. 

The evaluation of speckle smoothing was performed by calculating the equivalent number 

of looks (ENL) (Equation 1), which is widely used in studies with a focus on evaluating the 

reduction of this type of noise in homogeneous regions in SAR images (Liu et al. 2017; Gleich 

2018; Singh and Shree 2018; Yue et al. 2018; Jain and Ray 2019; Mahdianpari et al. 2019). 

      
 

 
 
 

 
Eq. 1 

Where: μ is the mean and σ is the standard deviation of the pixels for the studied area. The higher 

values for the ENL indicate a greater reduction in speckle noise, a consequence of a better 

quantitative performance of the filtering method (Jain and Ray 2019). 

 

The ENL value was obtained in each of the 30 repetitions for each filter and window size, 

in the three types of images (VV, VH, and VH/VV), analyzed in both periods (dry and post-rainy), 

and having the means compared using the Tukey test at the 5% significance level. To verify the 

grouping of the variables analyzed according to the similarity of the values using the Ward 

Method, as well as the distribution of variables of the descriptive statistics in boxplots, the mean 

value of the studied samples of the ENL in each filter, window and polarization of each evaluated 

period was transformed into a logarithmic scale for better representation. All statistical analysis of 

the data was performed using the R Core Team software (2020). 

Results 

The mean ENL values between the filters in the windows analyzed for the dry period 

showed increasing values in all polarizations as the size of the applied window increased, with the 

exception of the Gamma and Lee Sigma filter between the 5x5 and 7x7 window in VH (Table 1). 

Additionally, a high standard deviation value was observed, mostly with results higher than the 

average obtained. Conversely, it is noted that the standard deviations were almost half of the mean 

value for the image without filter application and in the VH and VV polarizations. Considering the 

three polarizations studied, Gamma had the highest number (10) of mean values with the highest 

values compared to the other filters, followed by Median (4), which stood out with the highest 

number (7) when analyzing the second highest value between the results. 

The comparison of the mean values for the VH image indicated that there are no 

significant differences between the filters for the 5x5 and 7x7 windows, with even Gamma and 
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Lee Sigma presenting higher values for the 5x5 windows, and Frost and Median presenting them 

for the 7x7 windows. In the 9x9 window, Lee Sigma showed statistical similarity with both 

Refined Lee and the other filters, which in turn had no significant difference between their mean 

values, with Gamma presenting the highest mean for this window. In the 11x11 window, there 

was a statistical difference only between Refined Lee and the other filters, with a higher average 

for Median, followed by Gamma. In the 15x15 window, Gamma and Median stood out 

statistically with the highest averages. When comparing the statistical differences in the mean 

values between the window sizes in the filters, there was a similarity between Frost and Lee 

Sigma, as well as Gamma and Median, which they showed differences only between the 15x15 

window and the other sizes. 

In the VV image, it was noted that there is a significant difference only between the 

Refined Lee filter and the others for the 5x5, 7x7 and 9x9 windows, with Gamma having the 

highest means for the first two and Median followed by Gamma for the abovementioned third 

window. The Median filter also stood out for the 11x11 and 15x15 windows, showing better 

results than the others. When analyzing the mean values between the windows in the filters, there 

is a similarity between the responses of the statistical test as the size of the windows increases, 

with emphasis on Gamma, which did not show similarity of the values in the 5x5 and 7x7 

windows with the others. 

The image resulting from the band ratio showed lower values when compared to the VH 

and VV polarizations. Additionally, it was found that the Gamma filter showed higher mean 

values in all applied windows. Statistically, Gamma and Frost stood out in the 5x5 window size. 

In the 7x7 and 9x9 windows, there was a statistical difference only between the Refined Lee filter 

and the others, with Gamma presenting the highest mean value for both windows. The same filter 

had the highest mean value also in the size of 11x11, differing statistically from Refined Lee and 

Frost. In the 15x15 window, the respective highest mean values were seen in Gamma and Median, 

with statistical similarity between them. When comparing the results between the window sizes, 

there is a similarity between the statistical responses across the filters. The Frost filter had greater 

discrimination between the means in the windows, with the 15x15 differing from the others. 

When analyzing the ENL averages for the post-rainy season, increasing values were 

observed for the filters in all polarizations as the size of the windows increased (Table 2). High 

standard deviations are also observed in the results obtained, with values above average, in 

particular for the Frost, Gamma and Lee filters Sigma in the 7x7 window in the VH polarization, 

which presented almost three times, in the case of the first one, and twice as much, in the last two, 
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in relation to the average. Meanwhile, the standard deviations for the original images were lower 

than average, with the VH and VV presenting values close to half in relation to the average. 

Considering the three polarizations studied, Gamma had the highest number (12) of mean values 

with the highest values compared to the other filters, followed by Frost (2), with Lee Sigma being 

the filter with the highest number (5) considering the second highest value. 

The statistical comparison in the VH polarization did not detect any difference between the 

mean ENL values for the 7x7 window. The statistical responses between the filters were similar 

for 5x5 and 15x15, the difference being verified only in Median for the largest window size, 

which was statistically different from Refined Lee. The same similarity between the statistical 

responses was seen in the 9x9 and 11x11 windows, but with the larger one showing a difference 

only between Refined Lee and all other filters. When analyzing the mean values between the 

windows by filter, there is similarity in the statistical responses in Gamma and Median, in which 

the size of 15x15 differs from the other windows. 

The mean ENL values for the VV image indicated statistically equal responses between the 

filters for the 7x7 and 9x9 windows, with statistical difference only between Refined Lee and the 

others. The Gamma filter stood out both in the 5x5 window, with Lee Sigma being statistically 

equal, as in the 15x15. When comparing the values of the mean values between the windows in 

the filters, an equal response is observed for Gamma and Lee Sigma, with statistical difference 

only between the 15x15 and the others. In this same window size, Median also had a difference in 

relation to all the others. In the Frost filter, there is one highlight: there is greater discrimination 

between the mean values along the window sizes, being the only one to present, in all results, 

Subgroup D, which is associated with the largest windows. 

In the image of the band ratio, the responses of the statistical comparison are similar 

between the 9x9 and 11x11 windows, with differences only between Refined Lee and the other 

filters. There is also a similarity between 5x5 and 7x7, with a difference in the statistical responses 

found only in the Median filter, where the smallest window has a statistically similar mean value 

between Refined Lee and the other filters, while in the 7x7, there is statistical equality between all 

filters except for Refined Lee. In the 15x15 window size, the high mean value verified in Gamma 

conditioned the highlight among the filters used, being followed only by Median. When analyzing 

the comparison between the windows in each filter, it is observed that Lee Sigma and Median 

have the same statistical response, with the 15x15 window differed from the others. The same was 

observed in the Gamma filter, although the other window sizes were statistically equal to each 
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other. Frost draws attention for presenting statistical similarity in the largest Subgroup (C) in the 

windows ranging from 7x7 to 15x15. 

When analyzing the similarity between all the answers considering each variable tested 

from the formation of 4 distinct groups, derived from the increasing value of ENL and defined by 

the respective order in the colors in green, light blue, dark blue and red, allowed an observation 

that these groupings contain 15, 31, 47 and 39 units, respectively (Figure 3). The subdivision 

within each group indicates that there are results with greater proximity to each other, with the 

formation of groups of greater hierarchy between dark blue and red, and between green and light 

blue. 

When analyzing the descriptive statistics through the boxplots of the studied images 

referring to the dry period (Figure 4), a general pattern in the distribution of the ENL values of the 

filters is noticed for the different window sizes and polarizations, with an increasing curve until 

Median and later decrease until the image without filter (No Filter – NF), which becomes more 

accentuated as the size of the windows increases. It is also observed that the Gamma and Median 

filters have their values of 1
st
 quartile, median and 3

rd
 quartile above the other filters, presenting 

their boxes, which contain 50% of the data, superior to the others. 

The ENL values obtained in the VH polarization are slightly higher than in VV, with a 

marked difference of these for the VH/VV for the dry period, with Refined Lee and the image 

without filter having the lowest values in all responses. The Median filter showed the highest ENL 

values for the 3
rd

 quartile in general, followed by Gamma, although it also presented a great 

amplitude between the quartiles, mainly in the 5x5 window in the VH polarization, as well as 

15x15 in the VV. Nevertheless, Gamma also had a high amplitude in the boxplot, mainly in the 

9x9 and 11x11 windows for VH and VV, and in the 15x15 dimension for the latter polarization. 

Also, considering the amplitude between the quartiles, Lee Sigma was the filter with the longest 

distance between the 1
st
 and 3

rd
 quartiles and with the largest amount of outliers in the 15x15 

window of the VH image. 

In the post-rainy season, the distribution of the ENL values of the filters in the different 

window sizes and polarizations has, in general, a standard upward curve to Median and a 

subsequent decrease to No Filter, being much more characterized as the size of the windows 

(Figure 5). In general, the Gamma and Median filters stand out among the others, having their 

values in the 1
st
 quartile, median and 3

rd
 quartile above the other filters, thereby presenting their 

boxes, which contain 50% of the data, higher to the others. 
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The highest ENL values observed in the boxplots for the data of the post-rainy period are 

seen in the image with the VH polarization, followed by the VV and the VH/VV image, in which 

a more pronounced reduction is verified for all sizes of windows. The Lee Sigma filter showed 

high values for the 3
rd

 quartile in VH images, surpassing even Gamma in the 9x9 and 11x11 

windows. Lee Sigma, however, demonstrated high amplitudes between the 1
st
 and 3

rd
 quartiles 

between the analyzed filters, with a smaller variation in the VH and VV polarization in the 15x15 

windows, having the largest amount of outliers in these same images. The image without filter is 

notably the one with the lowest ENL values in all windows and polarizations, followed by Refined 

Lee. 

 

Discussion 

The application of ENL as the main index for evaluating noise attenuation capacity in 

homogeneous areas in SAR images (Zhang et al. 2019) showed that the smoothing capacity is 

influenced by the type of filter, polarization, window size, and vigor condition of the Caatinga. 

These affect the statistical characteristics of the images, resulting in different ENL values, which 

generated the similarity groups verified in the dendrogram. The grouping of the lowest values is 

justified by the influence of the VH/VV polarization, as this image is the result of the relationship 

between the pixel values of the VH and VV polarizations, and the smaller window sizes that 

showed lower ENL values, not showing greater speckle attenuation capacity in relation to the 

larger sizes. 

It was common to observe the high standard deviations among all the answers found, 

which hindered the statistical discrimination between the compared means. This high variation in 

relation to the average indicates the great variability of the pixel values within this type of 

vegetation, reflecting the different structures of the Caatinga, as the SAR signal varies according 

to the types of vegetation (Ottinger and Kuenzer 2020). 

When comparing the periods of the evaluated images, it is observed that the Caatinga vigor 

condition affects the ENL responses, denoting varied pixel values for this vegetation, whether 

green or dry. This is related to the SAR signal resulting from the deciduous characteristics of this 

plant typology (Cole 1960), which occurred during the typical period of low water supply in the 

semi-arid region (Carmo and Lima 2020), allowing greater penetration of the radar signal into the 

vegetation. In turn, in times of greater rainfall, the Caatinga presents a large canopy cover with 

leaves, which hinders or prevents the penetration of the radar signal, considering that the Sentinel-
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1A data are obtained from the C band, which has its ability to penetrate up to a few centimeters 

into the plant canopy (Ottinger and Kuenzer 2020). 

Thus, the SAR signal (represented by the pixel values after ENL) for the dry period is 

more related to the internal structures of the Caatinga, such as branches and trunks, mainly as a 

consequence of the double-bounce spread. For the post-rainy season, the SAR signal is the result 

of the interaction with the components of the canopy that generate volumetric spreading 

(Freeman-Durden 1998). Therefore, the ENL results obtained for the Caatinga are also associated 

with its vigor state and the type of polarization of the signal emitted and how it interacts with 

vegetation. 

As the ENL values were higher for the VH image considering the results for each period, it 

indicates that there is a greater attenuation of noise in the cross polarization for the filters and 

windows used, which may imply that there is less variation between the value of pixels in this type 

of image. Ananto et al. (2019) also identified the relationship between this polarization and above-

ground biomass in tropical forests from data from Sentinel-1A. 

Nevertheless, when comparing the VV polarization in the analyzed periods, it is observed 

that there is less variation between the pixel values for the dry season of the Caatinga, as there is a 

greater ENL value for the image without filtering treatment. It presents even higher mean values 

in this vegetation condition when compared to the moment of vigor also for the studied filters. 

Such a response may be related to the interaction of this co-polarization with vertical structures, a 

consequence of the greater penetration of the microwave due to the absence of a canopy 

(Henderson and Lewis 1998). 

In addition to the influence of the condition of the vegetation, the choice of filters that 

reduce the noise of SAR images is also an important factor for each polarization, as verified by 

Wang, Ge and Li (2012), who identified, for the modeling of the biomass of homogeneous 

pastures in ENVISAT ASAR images, that Frost is the most suitable filter for VH polarization 

(damping factor: 2), while the Lee filter is the most suitable for the VV polarization. 

In this study, the Gamma filter stood out with the highest number of mean values superior 

to the others analyzed, being the filter with the greatest capacity to reduce speckle noise. The high 

performance of this spatial filter was also observed by Shahrezaei and Kim (2019), who observed 

that it has a higher power spectral density after the suppression of the high-frequency 

multiplicative speckle (HMS) noise when compared to other filters such as Frost and Lee Sigma. 

It also presents, however, a greater presence of HMS residue after implementation of the speckle 

reduction. 
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In addition to the Gamma filter, Median also stood out as the second to present the largest 

number of mean values with the highest ENL values. Both also had relevance for the greater 

number of the second highest mean values. These results with high speckle smoothing power are 

justified when analyzing the descriptive statistics for both the dry and post-rainy periods, as these 

filters generally presented their values of 1
st
 quartile, median and 3

rd
 quartile above other filters. 

These same filters had outstanding responses in the study by Tang et al. (2019) using 

TerraSAR-X image in Los Angeles, California, United States, showing opposite results for 

standard deviation, peak signal-to-noise ratio (PNSR) (the higher the value, the more efficient the 

de-speckling performance, with an image of superior quality) and ENL. Gamma showed greater 

standard deviation, lower ENL and lower PSNR, showing inferior performance over the Median 

filter, as well as Frost, which was also evaluated in his study. 

Although the Gamma filter presents ENL values much higher than those of the original 

image, in the study by Mahdavi et al. (2018) using images from the RADARSAT-2 satellite, also 

from band C in San Francisco, California, United States, and in St. John’s, Newfoundland and 

Labrador, Canada, this filter had a very low speckle attenuation when compared to the others 

applied, considering a 5x5 window, the Average filter being the one with the highest ENL in both 

images. 

Also using data from the C band of Radarsat-2, in the Avalon area, Newfoundland, 

Canada, Mahdianpari et al. (2017) observed that the Frost filter was one of the worst in 

comparison to the others evaluated, all in the 5x5 window, when analyzing mean values and ENL, 

in addition to presenting greater error of omission and commission between the different types of 

land cover, resulting in lower overall accuracy. BY comparing the same filters as the previous 

study, Mahdianpari et al. (2019), using the L band of ALOS/PALSAR, also found low values of 

ENL and high variance for the Frost filter, which presented a low peak signal-to-noise ratio in 

relation to the others. In general, this filter only performed better than Refined Lee for the 

Caatinga, showing that it has a low capacity to reduce the speckle effect in these areas. 

In turn, Shamsoddini and Trinder (2012), when comparing the Frost and Gamma filters in 

ALOS-PALSAR (HH and HV), JERS-1 SAR (HH), ERS-2 SAR (VV) images, found higher ENL 

values and lower Speckle Suppression Index (SSI) values for Frost, indicating better performance 

for noise reduction, while Gamma had better performance for preserving edges and image details, 

respectively, with higher values for the Edge-Enhancing Index (EEI) and Image Detail-

Preservation Coefficient (IDPC). 
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Such responses indicate that there is an effect relating to the reduction of speckle noise on 

the preservation of the edges in the classes that make up the image landscapes. This is verified in 

the study by Tang et al. (2019), in which Median, Frost and Gamma had higher ENL values 

(better performance in reducing speckle) and lower edge preservation index (PPE) values, 

respectively. For the Caatinga region studied, the Refined Lee filter had the lowest ENL values, 

indicating a low capacity to reduce speckle. Nevertheless, it cannot be said that this is an inferior 

filter to the others because, as seen by the relationship between ENL and border values, it may 

stand out when the objective is to highlight edges within the image. 

This finding was made by Medasani and Reddy (2018), using images from the C band of 

RISAT-1 in the Mumbai region, India, where they observed a higher EPI and mean values in 

Refined Lee, although Lee Sigma had a lower standard deviation value, both for the 7x7 window. 

Pôssa and Maillard (2018) also confirmed Refined Lee’s better results compared to Lee Sigma, 

Lee, Gamma, Frost and Median from the Edge Save Index (ESI) using Sentinel-1 to outline water 

bodies in the Pampulha region, in Belo Horizonte, Brazil. In contradiction, Yi et al. (2018) found 

that this filter did not achieve good performance both in ENL and in preserving the edges from the 

EPI. 

Two other factors influence the speckle reduction capacity: the damping factor within a 

fixed window and the size of the windows. Shamsoddini and Trinder (2012) analyzed the effect of 

different damping factor values and found the difference in speckle reduction and edge 

preservation for the Frost filter, indicating that the use of a lower value provided a greater ENL 

and SSI, while the higher value provided better edge preservation capacity from the ERA. The 

sizes and formats of the windows are essential for reducing the speckle because the filters depend 

on the size and type of the window to be applied. Larger windows can generate excessive 

smoothing while smaller ones can maintain a lot of noise (Tabassum et al. 2018), since, as seen in 

the observed results, larger window sizes provide higher ENL values and a greater reduction in 

speckle. 

In this study, an increase in ENL was observed as the size of the window increased, with 

the 15x15 window having the greatest capacity to reduce speckle noise. Rana and Suryanarayana 

(2019) also found that ENL values increase for 5x5 windows compared to 3x3 windows in flooded 

regions for all evaluated filters (Frost, Gamma map, Lee Sigma, Lee, Boxcar, and Median), with 

an emphasis on the Boxcar and Median filters, which doubled the ENL values in the 5 x 5 

window. 
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In addition to the type of filter, the analysis of the window size is relevant for the studies of 

mapping and classification of land use and coverage, and should be taken into consideration for 

each class, as it will ultimately result in different accuracy of the classification process (Shitole et 

al. 2015). Woźniak et al. (2016), using images of the L band of ALOS/PALSAR under different 

sizes of space windows and decomposition window (3×3, 5×5, 7×7 and 9×9 pixels) and 

polarimetric decomposition methods, found that the classification accuracy dropped by about 10% 

when non-ideal window sizes were used in filtering or decomposing the image, verifying different 

performances among the variables used to better classify each characteristic of the image. 

Idol et al. (2017), using the C band of the Radarsat-2 satellite, found that, when applying 

the HH and HV polarization and the Lee Sigma filter, the 5x5 window showed better accuracy 

values when compared to 3x3. Using the image texture data, the accuracy was superior to the 

digital numbers of the image. Nevertheless, when performing the classification using texture data 

in the measures of 5x5, 9x9, 13x13 and 17x17 from this same filtering method, the accuracy was 

lower than that of the original image, indicating that the smoothing caused by the filter reduced the 

texture measurements of the image for land use and land cover classification. This situation occurs 

because the texture adds additional information to the classification process. 

When analyzing the only study verified involving application specifically for the Caatinga 

biome, Silva and Santos (2011) used an image of ALOS/PALSAR in a thematic mapping study in 

the Caatinga to characterize the vegetation cover in the semi-arid region of Brazil, specifically in 

the Sertão region of the state of Pernambuco, between the municipalities of Carnaubeira da Penha, 

Floresta, Mirandiba, São José do Belmonte, and Serra Talhada. Nevertheless, they did not carry 

out a previous test of the most appropriate filter and window size for the studied Caatinga, 

applying the Gamma filter in the 5x5 window, resulting in an overall accuracy of 66% and Kappa 

index of 0.58 using a set of components derived from covariance matrix (AHH, AHV, and AHH*HV). 

When associating the results of the studies in the Cerrado, also referred to as the Brazilian 

savanna, to the Caatinga, which is also included in this plant classification (Cole 1960), it is noted 

that most studies are related to the characterization or mapping of the soil use and coverage. 

Rodrigues et al. (2019) evaluated the Refined Lee and Quegan & Yu filters, using images from 

Sentinel-1A in western Bahia, in northeastern Brazil, and found a better performance for Refined 

Lee in detecting changes in vegetation cover when compared to Quegan and Yu or the image 

without filter. 

Mendes et al. (2019), also using images from Sentinel-1A and ALOS/PALSAR-2 in Nova 

Mutum, Mato Grosso, and Camargo et al. (2019) only from ALOS/PALSAR-2 in the eastern 
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portion of the state of Goiás and in the northeast part of the Federal District, Brazil, applied 

Refined Lee in the 5x5 window in their studies, without prior evaluation of different types of 

filters and window sizes. 

Meanwhile, Pavanelli et al. (2018) evaluated the speckle reduction capacity of the Lee and 

Frost filters tested in the 3x3, 5x5, 7x7, 9x9, 11x11 and 13x13 window sizes using 

ALOS/PALSAR-2 images in the state of Roraima, in the northeast region of the Amazon 

Rainforest. The authors defined the use of the Lee filter in the 3x3 pixel window, based on the 

analysis of the coefficient of variation, on the ENL over an area of homogeneous tropical forest 

and on the inspection of the degradation of the edge, also considering the size of the fragments of 

the LULC classes. As for the Gray-Level Co-Occurrence Matrix extraction, the 5x5 size in the HH 

and HV polarizations was selected based on the variogram method. 

 

Conclusions 

The study made it possible to compare the responses of the ENL and, subsequently, the 

attenuation of the speckle, associating the different window sizes for each filter in each type of 

polarization and period of the Sentinel-1A image, discriminating the groups with similarity of 

their values and identifying similarities or statistical differences between the results for Caatinga 

vegetation. 

The Gamma filter was the most representative in terms of the number of highest average 

values for the ENL, being indicated to attenuate the speckle in the studied Caatinga. The study 

allowed us to verify the filters that provide less speckle attenuation, which can serve as a basis of 

choice for studies with Sentinel-1 in the studied Caatinga that do not want a greater speckle 

reduction effect.  

Additionally, although this study is a pioneer in testing the different responses in the 

filtering process using data from the C band of the Sentinel-1A image for the Caatinga biome, it 

should be noted that the biome presents different physiognomies. So, in caatingas with another 

composition and vegetal structure, it is necessary to carry out another evaluation for the variables 

analyzed. Therefore, the specific filter must be chosen according to the window, polarization and 

time of the image (condition of the vegetation) to be used associated with the objective of the 

study. 

Given that Sentinel-1 is a satellite that provides free images and that there is a tendency for 

it to be widely used, this study serves as a basis for future studies with this type of data in 

Caatinga vegetation, allowing researchers to observe the different speckle reduction capabilities in 
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each variable used, providing information for choosing the filtering method (as this is a relevant 

step for the final results) to be used in the pre-processing of the image according for the purpose of 

the research. 
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Figure 1. Location of the study area and sample Caatinga fragments selected and identified in the 

Sentinel-2 images in true color R4G3B2 (obtained during the dry season (A): 10/28/2018, and 

post-rainy period (B): 12/27/2018). 
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Figure 2. Distribution of daily precipitation for the municipality of Canindé de São Francisco and 

NDVI value for 2018. 

 

Table 1. Comparisons between mean ENL values for filters and window sizes (W) evaluated in 

the polarizations (Pol) studied for the dry period. 

   Filters 

Pol 
W 

No 

Filter 

Frost Gamma Lee Sigma Median Refined 

Lee 

VH 

No 

Filter 

92,3 

(44,1) 
A A

 
A
 

A
  

 
5x5 

 1003,8 
A,B

 

(1197,9) 

2041,8 
A
 

(5964,1) 

2013,4 
A,B

 

(5974,1) 

1048,3 
A
 

(1048,2) 

405,6 

(349,1) 

 

7x7 
 2557,9 

A,B,C
 

(5139,6) 

1889,7 
A
 

(2673,9) 

1708,9 
A,B

 

(2522,2) 

2076,7 
A
 

(3241,3) 

405,6 

(349,1) 

 

9x9 
 3545,3 

b B,C
 

(6230,8) 

3754,4 
b A

 

(3764,2) 

2912,6
 a,b A,B

 

(3105) 

3357,4 
b A

 

(3285,9) 

405,6 
a
 

(349,1)
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11x11 
 4332,1 

b B,C
 

(5385,5) 

5665,4 
b A

 

(4945,1) 

4824,8 
b B,C

 

(5034,5) 

5961,8 
b A

 

(5497,9) 

405,6 
a
 

(349,1) 

 

15x15 
 5046,4 

a,b C
 

(5183,6) 

17126,1 
c B

 

(16646,7) 

9393,6 
b,c C

 

(12659,5)
 

16486,1 
c B

 

(18146,3) 

405,6 
a
 

(349,1) 

VV 

No 

Filter 

44,8 

(23,4) 
A
 

A
 

A
 

A
  

 
5x5 

 353 
b A,B

 

(261,2) 

416,2 
b A

 

(312,8) 

376,7 
b A,B

 

(336,5) 

373,7 
b A,B

 

(246,8) 

162,6 
a
 

(110,4) 

 

7x7 
 860,3 

b A,B
 

(1006,6) 

999,5 
b A

 

(1097,1) 

865,7 
b A,B

 

(1156,1) 

870,9 
b A,B

 

(640,5) 

162,6 
a
 

(110,4) 

 

9x9 
 1332,1 

b A,B
 

(1483,5) 

1785,9
 b A,B

 

(1393) 

1437,7 
b A,B

 

(1448,9) 

2029,7 
b A,B

 

(1832,3) 

162,6 
a
 

(110,4) 

 

11x11 
 1897,2 

a,b B,C
 

(2308,8) 

4810,3 
a,b B,C

 

(6919,2) 

3188,1 
b B

 

(3382,5) 

5722,8 
b B,C

 

(9986,6) 

162,6 
a
 

(110,4) 

 

15x15 
 3172,4 

a,b C
 

(5029,9) 

8248,5 
b,c C

 

(9410,1) 

6162,5
 a,b,c C

 

(8846) 

9676 
c C

 

(14767) 

162,6 
a
 

(110,4) 

VH/VV 

No 

Filter 

3 

(3,3) 
A
 

A
 

A
 

A
  

 
5x5 

 13,9 
b A,B

 

(11,3) 

16,3 
b A

 

(14,7) 

13,4 
a,b A

 

(12,8) 

12,8
 a,b A

 

(8,2) 

5,8 
a
 

(4,3) 

 
7x7 

 23,5 
b A,B

 

(14,8) 

33,4 
b A,B

 

(27,2) 

24,5 
b A

 

(25,8) 

29,6 
b A,B

 

(23,5) 

5,8 
a
 

(4,3) 

 
9x9 

 38,2
 b B,C

 

(25) 

59,2 
b A,B

 

(36,5) 

44,8 
b A,B

 

(52,2) 

56,5 
b A,B

 

(45,1) 

5,8 
a
 

(4,3) 

 
11x11 

 54,7 
a,b C

 

(38,3) 

113 
c B

 

(87,4) 

71,7 
c B

 

(86,9) 

106,8
 b,c B

 

(93,6) 

5,8 
a
 

(4,3) 

 
15x15 

 88,3 
a D

 

(82,1) 

311,1 
b C

 

(298,8) 

133,2
 a C

 

(112) 

273,4 
b C

 

(264,2) 

5,8 
a
 

(4,3) 

Legend: in parentheses: Standard Deviation. 
a, b, c

: Different subgroups for the Tukey test between 

the filters. 
A, B, C, D

: Different subgroups for the Tukey test between the applied windows. 
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Table 2. Comparisons between mean ENL values for filters and window sizes (W) evaluated in 

the polarizations (Pol) studied for the post-rainy season. 

   Filters 

Pol 
W 

No 

Filter 

Frost Gamma Lee Sigma 

 

Median Refined 

Lee 

VH 
No Filter 

100,3 

(52,8) 
A
 

A
 

A
 

A
  

 
5x5 

 885,2 
a,b A

 

(875,3) 

1105,7 
b A

 

(1090,5) 

1036,8 
b A

 

(1127,6) 

716,1 
a,b A

 

(649,7) 

367 
a
 

(235) 

 

7x7 
 3442,4 

A
 

(9089,4) 

4434,1 
A,B

 

(8615,9) 

4035,3 
A
 

(8617,3) 

2126,3 
A,B

 

(1947,3) 

367 

(235) 

 

9x9 
 4466 

b A,B,C
 

(5602) 

6118,5 
b A,B

 

(7085,7) 

5146,7 
b A

 

(5566,3) 

3484 
a,b A,B

 

(2730,3) 

367 
a
 

(235) 

 

11x11 
 5218,8 

b B,C
 

(4542,8) 

6140,3 
b B

 

(5877,4) 

6015,6 
b A

 

(6366,4) 

6412,6 
b B

 

(6687,1) 

367 
a
 

(235) 

 

15x15 
 7686,7 

a,b C
 

(8544,1) 

16765,6 
b C

 

(14516,8) 

14018,8 
b B

 

(19257,4) 

15057,2 
b C

 

(16431,6) 

367 
a
 

(235) 

VV 
No Filter 

36,9 

(15,3) 
A
 

A
 

A
 

A
  

 
5x5 

 440,5
 a,b A,B

 

(419,1) 

552,1 
b A

 

(590,9) 

499,6
 b A

 

(554,1) 

462,6
 a,b A,B

 

(460,3) 

148,4
 a
 

(96,2) 

 

7x7 
 848,2

 b A,B,C
 

(731,2) 

864,4 
b A

 

(609,1) 

748,7
 b A

 

(623,5) 

758 
b A,B

 

(569,7) 

148,4
 a
 

(96,2) 

 

9x9 
 1240,1

 b B,C
 

(1233,5) 

1330,7
 b A

 

(1327,3) 

1197,2
 b A

 

(1378,6) 

1205,4
 b A,B

 

(1025,7) 

148,4
 a
 

(96,2) 

 

11x11 
 1685,4

 b C,D
 

(1641,9) 

2097,6
 b A

 

(2303,7) 

1809,8
 b A

 

(2310,8) 

2063,9
 b B

 

(2516,3) 

148,4
 a
 

(96,2) 

 

15x15 
 2848,3

 a,b D
 

(3143,3) 

6487,8
 c B

 

(7819,4) 

4477,3 
b,c B

 

(6152,1) 

5058,9
 b,c C

 

(4583,3) 

148,4
 a
 

(96,2) 

VH/VV No Filter 3,1 
A
 

A
 

A
 

A
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(2,6) 

 
5x5 

 21,5 
b A,B

 

(20,6) 

26,3 
b A

 

(23,8) 

22,8 
b A

 

(22,4) 

19,9 
a,b A

 

(15,5) 

7,5 
a
 

(5,7) 

 
7x7 

 58,2 
b A,B,C

 

(64,3) 

75,3
 b A

 

(85,1) 

55,5 
b A,B

 

(68,1) 

57,9 
b A,B

 

(55,2) 

7,5 
a
 

(5,7) 

 
9x9 

 101,9
 b B,C

 

(167,5) 

76,8 
b A

 

(64,8) 

66,2 
a,b A,B

 

(68,5) 

72,5 
b A,B

 

(63,5) 

7,5 
a
 

(5,7) 

 
11x11 

 130,2
 b C

 

(201,8) 

145,6 
b A

 

(197,4) 

104,9
 a,b B

 

(140,3) 

121,2
 b B

 

(122) 

7,5 
a
 

(5,7) 

 
15x15 

 143,8
 a,b C

 

(146,6) 

423,1 
c B

 

(479,5) 

197,9
 a,b C

 

(201,5) 

290,3
 b,c C

 

(266,1) 

7,5 
a
 

(5,7) 

Legend: in parentheses: Standard Deviation. 
a, b, c

: Different subgroups for the Tukey test between 

the filters. 
A, B, C, D

: Different subgroups for the Tukey test between the applied windows. 
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Figure 3. Dendrogram with the grouping of variables analyzed, considering the filters, windows, 

polarizations and times of the image. 

Legend: D = dry period; R = post-rainy season. 1 = VH; 2 = VV; 3 = VH/VV. FR = Frost; GM = 

Gamma; LS = Lee Sigma; MD = Median; LR = Refined Lee; NF = No Filter. Window sizes: 00 = 

without dimension; 05 = 5x5; 07 = 7x7; 09 = 9x9; 11 = 11x11; 15 = 15x15. 

 

 

Figure 4. Boxplots of descriptive statistics of the filters and original image (FR: Frost; GM: 

Gamma; LS: Lee Sigma; MD: Median; RL: Refined Lee; NF: No Filter), windows (5x5; 7x7; 9x9; 

11x11;15x15) and polarization (VH; VV; VH/VV) for Caatinga samples referring to the dry 

period. The box refers to the 1
st
 quartile, median, and 3

rd
 quartile. The points are outliers. 
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Figure 5. Boxplots of descriptive statistics of the filters and original image (FR: Frost; GM: 

Gamma; LS: Lee Sigma; MD: Median; RL: Refined Lee; NF: No Filter), windows (5x5; 7x7; 9x9; 

11x11; 15x15) and polarization (VH; VV; VH/VV) for Caatinga samples referring to the post-

rainy period. The box refers to the 1
st
 quartile, median, and 3

rd
 quartile. The points are outliers. 
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2.3.6 Artigo 6: Dual Polarimetric Decomposition in Sentinel-1 images to estimate 

aboveground biomass of arboreal Caatinga. 
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Abstract 

Caatinga is a biome that occurs in the Brazilian semi-arid region, lacking studies to estimate its 

plant biomass through radar imaging, with no evaluations using information from polarimetric 

decomposition. Therefore, this study aimed to estimate the aboveground biomass (AGB) of 

arboreal Caatinga using entropy and alpha angle data from Dual Polarimetric Decomposition in 

Sentinel-1 images, analyzing which polarimetric filters provide the best relationship with this 

estimate. The study area is located in the Caatinga biome, in the state of Sergipe, Brazil. The forest 

inventory was surveyed in 19 sample plots with 30 x 30 m in area, by measuring all arboreal stems 

with circumference at breast height (at 1.30 m from the ground) equal to or greater than 6 cm and 

applying the allometric equation to calculate the AGB. Sentinel-1 images were used to evaluate 

the Caatinga under 3 phenological conditions: Greenness, Intermediate, and Dryness, with pre-

processing, application of Dual Polarimetric Decomposition and extraction of the entropy (H) and 

alpha angle (α) attributes, resulting from polarimetric filters: BoxCar (BC), IDAN, Improved Lee 

Sigma (ILS), and Refined Lee (RL), performed on SNAP. The attributes from each polarimetric 

filter were related to the AGB, calculated through simple and multiple linear regressions and 

evaluated by the coefficients of determination (R
2
) and root-mean-square error (RMSE). The 

values of H and α that had the best relationship with AGB were seen under the Intermediate 

Caatinga condition, with the highest R
2
 resulting from the ILS polarimetric filter (R

2
: 0.14 for H; 

R
2
: 0.27 for α), with the α attribute showing a greater relationship with AGB than H in all filters 

for the Intermediate and Dryness conditions. By combining the attributes studied and considering 

all filters, it is noted that there was an increase in the relationship with AGB for H and α, both 

obtained from the RL filter (R
2
: 30.55%) for the Greenness period, and IDAN (R

2
: 21, 67%) for 

Dryness. The Intermediate period had the best accuracy using α from filtering using ILS with both 

H from the IDAN filter (R
2
: 32.05%) and RL (R

2
: 32.04%). The Dual Polarimetric Decomposition 

in Sentinel-1 images provided data that showed a low relationship with the AGB of the Caatinga 

area studied, considering all polarimetric filters analyzed in the three leaf cover conditions 

evaluated. Despite this, the study made it possible to indicate which polarimetric filters in the 

different conditions of leaf cover in the Caatinga offer better accuracy regarding the measured 

AGB, serving as a basis for future work. 

Keywords: Semi-arid; Tropical dry forest; Synthetic aperture radar; Polarimetric filters; C-Band. 

 

1. Introduction 
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Drylands occupy over 40% of the Earth’s surface (Sorensen, 2007), featuring different 

biomes that extend over about two-fifths of the Earth, with the semi-arid domain being the most 

representative one (Bastin, 2017). In Brazil, the semi-arid occupies around 1,128,697 km² of the 

territory, according to the Office of the Superintendent for the Development of the Northeast 

(SUDENE), of the Ministry of National Integration of Brazil (2017). The Caatinga is the 

characteristic biome of this region, comprising a xerophytic vegetation resulting from 

ecophysiological adaptations to periods of drought, present in one of the most populous and 

biologically diverse semi-arid territories in the world (Coe and Sousa, 2014; Santos et al., 2014; 

Marques et al., 2020), thereby resulting in impacts on its native forest cover (Borges et al., 2020). 

The knowledge regarding the reduction of Caatinga vegetation is relevant for the Brazilian 

semi-arid region, as the pressure of human activities such as agriculture, pasture and energy 

consumption promote fragmentation and degradation (Althoff et al., 2018), aggravating the 

processes of desertification to which this region is susceptible (Vieira et al., 2015; Tomasella et 

al., 2018; Vieira et al., 2020; Vieira et al., 2021). Therefore, the collection on information on the 

remaining forest inventory becomes a necessity. This quantification can be carried out by 

measuring aboveground biomass (AGB), performed by field inventories or by developing 

estimates via remote sensing techniques, which are correlated with the sample plots (Baccini et al., 

2004; Akhtar et al., 2020). 

The use of remote sensors such as the Synthetic-Aperture Radar (SAR) is suitable for 

measuring AGB, as it allows obtaining data that can be used to estimate the forest’s 

biophysical/structural characteristics through the three-dimensional interaction between the 

microwave signal and the vegetation. Additionally, the generation of images is not affected, 

depending on the band used, by weather conditions and presence of clouds, which are common in 

tropical latitudes and around the Equator (Furtado et al., 2016; Ataee et al., 2019), thereby being 

relevant for studies in the tropical semi-arid region of Brazil, where the Caatinga biome occurs. 

Most studies of SAR data related to vegetation biomass employ models that rely on 

scattering intensity information (Yang et al., 2019), but there are gaps in the evaluation of phase 

information, which is why polarimetric decompositions can be applied. Polarimetric 

decomposition of SAR data allows estimating the scattering mechanisms that act on the recorded 

response. In the Cloude-Pottier method, information on entropy (H), anisotropy (A) and alpha 

angle (α) is generated based on the decomposition of the full polarimetric (Cloude and Pottier, 

1997) or dual polarimetric scattering matrix, which only provides H and α data based on the 
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construction of the coherence matrix to estimate the wave depolarization, also known as H-α 

decomposition (Cloude, 2007). 

There is a greater application of the Cloude-Pottier decomposition in full polarimetric SAR 

data (Ji and Wu, 2015), in studies focusing on phenological monitoring of vegetation: Haldar et al. 

(2019), Wang et al. (2019) and Selvaraj et al. (2021), all using RADARSAT-2 images, for 

biomass estimates: Yang et al. (2018), Haldar et al. (2019) and Waqar et al. (2020a) using data 

from the same radar, and Golshani et al. (2020) and Waqar et al. (2020b), using images from 

ALOS/PALSAR-2. 

Nevertheless, dual polarimetric data also have important practical applications (Long et al., 

2019), which is verified with the growing scientific production using the H-α decomposition using 

Sentinel-1 images in phenological studies or obtaining biophysical characteristics of the vegetation 

(Ataee et al., 2019; Nasirzadehdizaji et al., 2019; Gella et al. 2021; Harfenmeister et al., 2021; 

Umutoniwase and Lee, 2021; Weiß et al., 2021). 

Despite the dissemination of studies with applications of full or dual polarimetric 

decomposition, such studies still do not exist for the Caatinga biome. Therefore, this paper aimed 

to estimate the aboveground biomass of arboreal Caatinga by applying dual polarimetric 

decomposition on Sentinel-1 images while assessing which polarimetric filters provide the best 

relationship for this estimate under different phenological conditions (Greenness, Intermediate, 

and Dryness) of this forest formation. 

 

2. Material and methods 

2.1. Study area 

The studied area is located in the municipalities of Canindé de São Francisco and Poço 

Redondo, in the state of Sergipe, Brazil, in the vicinity of the Grota do Angico Natural Monument 

Conservation Unit (UC Grota do Angico), which is part of the planning territory of Alto Sertão 

Sergipano (SEPLAG, 2011; SEMARH, 2012) and the region defined as semi-arid, according to 

the Brazilian National Semi-Arid Institute (INSA, 2019) (Fig. 1). It is located in an area 

considered to be undergoing desertification, according to the National Forest Inventory of the 

Brazilian Forest Service (MMA, 2018), with monthly aridity rates that lead to a high vulnerability 

to this process (Jesus et al., 2019). It has an annual rainfall of less than 700 mm and average 

temperatures ranging from 24°C to 26°C (Alvares et al., 2014), with a climate characterized as 

BSh, according to the Köppen classification. 
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Fig. 1. Delimitation of the semiarid region and the occurrence of the Caatinga Biome in Brazil and 

location of the study area, with highlighting the variation in Caatinga leaf cover considering 3 

phenological conditions: Greenness (A), Intermediate (B) and Dryness (C), from Sentinel-2 

images (RGB: 4/3/2) dated, respectively 12-27-2018, 09-28-2019 and 12-02-2019 (ESA, 2020a). 

 

The vegetation is composed of deciduous arboreal and shrubby deciduous species, typical 

of climates ranging from semi-arid to arid, which compose the Caatinga biome (Veloso et al., 

1991), with the presence of dense hyperxerophytic forest remnants (Ribeiro and Mello, 2007) and 

categorized as a Tropical Dry Forest (FAO, 2012). This vegetation formation is conditioned by the 

rainfall availability in the region, with high phenological variation in leaf cover, particularly in 

less dense vegetation (Jesus et al., 2021). The relief is composed of interflowing tabular hills, with 
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a pediplain surface located in Sertão Pediplano (SEMARH, 2012), with Luvisols and Planosols 

soils (Embrapa, 2011). 

Fig. 2 shows the methodological flowchart of the study, detailing the forestry measurement 

in the field and obtaining the AGB and pre-processing of Sentinel-1 images and generation of H 

and α in each polarimetric filter. 

 

Fig. 2. Methodological flowchart of the study.  

 

2.2. Forest measurement and AGB estimation 

The forest inventories for the collection of dendrometric data of the arboreal caatinga were 

carried out on December 16-20, 2018 (pilot inventory), as well as September 8-15, 2019 (final 

inventory), considering the phenological study of the Caatinga from the study area carried out by 

Jesus et al. (2021) in order to be able to analyze the estimate of AGB of this vegetation under 

different physiological conditions. 

The selection of areas for the execution of the plots was based on in the variation of the 

conservation status of the Caatinga in the region (subject to human activity), considering the 

extent of degradation to the conservation of the vegetation and, therefore, the maximum variation 

of the vegetation in relation to biomass, density, composition, and distribution of the individuals, 

discriminated in the study by Jesus et al. (2022). In total, 19 plots were installed, being distributed 

near the UC Grota do Angico (
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Fig. 3), with the last plot having no arboreal representative and being considered as a treatment 

unit. All sample plots were georeferenced using the absolute method with the aid of a Garmim 

GPSMap code C/A GNSS receiver device. 
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Fig. 3. Location of sample plots. 

Source: modified from ESA (2021). 

 

Each sample plot had a dimension of 30 x 30 m (900 m
2
), totaling 17,100 m

2
 of 

inventoried area, featuring records of all arboreal individuals based on the circumference values at 

breast height (CBH) (1.30 m from the ground) of stems equal to or greater than 6 cm, according to 

the Caatinga Forest Management Network (2005). Each individual had their CBH measured using 

a tape measure and later converted into equivalent diameter (DBH), a dendrometric variable 

widely applied in relevant studies in the Caatinga (Lima et al., 2018; Lopes et al., 2020; Souza et 

al., 2020; Menezes et al., 2021; Pereira et al., 2021). 

Based on the registration of each species, the respective taxonomic identification was 

carried out with consultations made at the Herbarium of the Federal University of Sergipe and, 

mainly, on the scientific literature relating to floristic surveys in the Caatinga of the same studied 

region (Machado et al., 2012; Silva et al., 2013; Silva et al., 2016; Soares et al., 2019). For the 

classification of the species, the Angiosperm Phylogeny Group IV system (APG IV, 2016) was 

used, and the nomenclature and authorship were obtained both in the Flora do Brasil 2020 species 

list (Flora do Brasil, 2020) and in the database of the Missouri Botanical Garden (2020). 
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The AGB of each arboreal individual measured was calculated using the allometric 

equation developed by Sampaio and Silva (2005) (Eq. 1). Subsequently, the AGB value for each 

plot was obtained and converted from kilogram to megagram per hectare (Mg.ha
-1

). 

AGB = 0.173*(DBH)
2,295

 R
2
 = 0.9184 Eq. 1 

 

2.3. Sentinel-1 data acquisition, pre-processing and generation 

The Sentinel-1 images were acquired from the website of the European Space Agency 

(ESA, 2020a), with the following imaging characteristics: Sentinel-1A, descending, orbit 82, 

Interferometric Wide (IW) mode, Single Look Complex (SLC) Level 1 format, VV and VH 

polarization, in dates close to the field inventories and in the leaf cover state of the Caatinga 

studied from the values of the Normalized Difference Vegetation Index (NDVI). 

The NDVI values for the Caatinga were obtained at the point -37.68854; -9.66354, with 

250 x 250 m in area and a temporal resolution of 16 days, pre-filtered, on the Web-based tool 

SATVeg, from the MODIS/Terra sensor’s MOD13Q1 product, made available by Brazilian 

Agricultural Company (Embrapa). This, in turn, obtains images from the Land Processes 

Distributed Active Center (LP-DAAC), linked to NASA’s Earth Observing System (Embrapa, 

2020). The monthly rainfall from the rainfall measurement station in Canindé de São Francisco, 

available in agricultural statistics on the website of the Sergipe Agricultural Development 

Company (Emdagro, 2020) was also acquired. 

The conditions of high, intermediate and low NDVI values were considered, referring, 

respectively, to the Greenness, Intermediate and Dryness of the vegetation (Fig. 4). As the study 

was carried out in 2 years, it sought to obtain images on dates whose NDVI values were similar 

for each phenological condition evaluated, being, thus, acquired on 1/18/2019 and 9/3/2019 for the 

Greenness period, 8/15/2018 and 10/9/2019 for Intermediate, and 10/26/2018 and 11/26/2019 for 

Dryness. 
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Fig. 4. Distribution of accumulated monthly rainfall and NDVI values, highlighting the NDVI for 

the periods close to the acquisition of the Sentinel-1 images used in the study (Greenness: 0.72 and 

0.71; Intermediate: 0.5 and 0.47; and Dryness: 0.32 and 0.35). 

 

The pre-processing and extraction of the SAR attributes from the SLC images was carried 

out using the SNAP 8.0.0 tool (ESA, 2020b), while the respective values for each attribute were 

obtained for each plot. To do this, the flowchart in Fig. 2 was followed, executing the Apply Orbit 

File (precise orbit), Deburst, and Multilooking, with 4 looks – 1 in azimuth and 4 in range – to 

make the pixel more quadratic, and the images were subsequently cut (Subset) for the study region 

in order to expedite data processing. Following that, polarimetric filtering was applied in a 5 x 5 

window considering the filters BoxCar (BC), IDAN, Improved Lee Sigma (ILS), and Refined Lee 

(RL), followed by H-Alpha Dual Decomposition (Cloude, 2007) to generate the attributes of 

entropy (H) and alpha angle (α). 

 

2.4. Statistical analysis 

The H and α values for each filter were analyzed individually based on the simple linear 

regression in order to observe their relationship with the AGB estimate of Caatinga, evaluating 

them by the hypothesis test, considering the p-value at the 5% level of significance, and each 

respective coefficient of determination (R
2
) and root-mean-square error (RMSE) for each 

phenological period analyzed. Following that, the resulting SAR attributes of each filter were 

combined by applying multiple linear regressions and selecting the most accurate equation to 

estimate the AGB from the R
2
 and RMSE for each period evaluated. The entire statistical 

procedure was performed using the R Core Team 2021 software (Version 4.1.0). 
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3. Results 

The hypothesis test showed that H, generated by the different polarimetric filters, does not 

present statistically significant differences considering the three phenological conditions studied 

(Table 1). The same was seen in the Greenness and Dryness periods for the α attribute. The 

Intermediate period presented the smallest p-values for α considering all the results obtained in 

both attributes in all filters and periods analyzed. Even so, only the ILS filter (p-value: 0.023) 

showed a statistical difference from the others at a 5% significance level. 

 

Table 1. Values for the hypothesis test of simple linear regression for H and α resulting from each 

polarimetric filter analyzed in the AGB estimate of the arboreal Caatinga for each period analyzed. 

B: equation coefficients; SE: standard error; t: stat t; p-value: probability of significance. 

  

H α 

  

B SE T p-value B SE T p-value 

G
re

en
n

es
s 

BC 2.82 56.47 0.05 0.961 -0.14 1.14 -0.12 0.904 

IDAN 39.44 47.95 0.82 0.422 0.59 0.93 0.64 0.532 

ILS 34.00 39.54 0.86 0.402 0.27 0.89 0.30 0.770 

RL 46.77 62.42 0.75 0.464 -0.27 0.96 -0.29 0.779 

In
te

rm
ed

ia
te

 BC 69.97 49.31 1.42 0.174 1.59 0.77 2.08 0.053 

IDAN 50.02 40.98 1.22 0.239 1.37 0.77 1.78 0.093 

ILS 64.00 38.83 1.65 0.118 1.48 0.59 2.50 0.023* 

RL 62.02 48.47 1.28 0.218 1.34 0.70 1.91 0.073 

D
ry

n
es

s 

BC 38.22 47.52 0.80 0.432 0.94 0.79 1.19 0.251 

IDAN 34.59 41.49 0.83 0.416 0.82 0.67 1.22 0.240 

ILS 24.08 38.15 0.63 0.536 0.73 0.62 1.17 0.257 

RL 35.77 50.31 0.71 0.487 0.78 0.76 1.04 0.315 

*significant at the 5% probability level. 

 

The H and α values that showed a better relationship with AGB were seen under the 

Intermediate Caatinga condition, with the highest R
2
 resulting from the polarimetric ILS filter (R

2
: 

14% for H, significant at 5% probability; R
2
: 27% for α), while the Greenness period presented the 

lowest values for both attributes evaluated. The α attribute showed a greater relationship with 

AGB than H in all filters for Intermediate and Dryness (Fig. 5). As for the RMSE, H had the 
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highest values at all times analyzed when compared to α, with the ILS and RL filters being the 

ones with the lowest errors considering both attributes (14.39 and 14.60 Mg.ha
-1

, respectively, for 

α in the Intermediate period). 

 

Fig. 5. Quality adjustment (a: R
2 

(%); and b: RMSE (Mg.ha
-1

)) of the simple linear regression for 

H and α resulting from each polarimetric filter analyzed in the AGB estimate of the arboreal 

Caatinga for each period analyzed. 

 

By combining the attributes evaluated by multiple linear regression considering all filters, it is 

noted that there was an increase in the relationship with AGB for H and α, both obtained from the 

RL filter (R
2
: 30.55%) for the Greenness period and from IDAN (R

2
: 21.67%) for Dryness (Table 

2). The Intermediate period showed the highest R
2
 values for all polarimetric filters among the 

other times, showing the best accuracy using α from the filtering using ILS with both H from the 

IDAN filter (R
2
: 32.05%) and RL (R

2
: 32.04%). The errors in the estimation of AGB observed by 

multiple linear regression in each vegetation condition show that the lowest values are seen in the 

combination of filters that presented the best R
2
 ( 

). The highest RMSE for the Intermediate period (13.09 Mg.ha
-1

) was verified in the 

combination of filters with the lowest R
2
 (H resulting from IDAN and α from ILS), which was not 

observed in Greenness and Dryness. 
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Table 2. R
2
 (%) of the multiple linear equation of H and α resulting from each polarimetric filter 

analyzed in the AGB estimate of the arboreal Caatinga for each period analyzed. 

  
α 

 
α 

  
Greennes

s 
BC IDAN ILS RL Intermediate BC IDAN ILS RL 

H 

BC 0.85 4.22 2.13 2.17 BC 22.32 15.99 28.72 17.74 

IDAN 10.52 4.71 6.94 17.92 IDAN 22.40 23.84 32.05 21.21 

ILS 11.62 4.17 12.47 11.76 ILS 20.38 16.56 29.91 17.68 

RL 15.23 3.21 6.43 30.55 RL 23.00 16.32 32.04 20.30 

    
α 

   

   
Dryness BC IDAN ILS RL 

   

  
H 

  

BC 9.95 9.24 14.08 6.64 
   

  
IDAN 7.75 21.67 7.78 5.94 

   

  
ILS 12.02 12.09 19.86 9.98 

   

  
RL 10.04 11.19 11.96 9.07 
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Fig. 6. RMSE (Mg.ha-
1
) of the multiple linear equation of H and α resulting from each 

polarimetric filter analyzed in the AGB estimate of the arboreal Caatinga for each period analyzed, 

where: (a) Greenness, (b) Intermediate, and (c) Dryness. 

The composition of the multiple linear model that provided the best AGB estimate for the 

arboreal Caatinga in each period followed the quality response of the equation adjustments, with 

the Greenness and Dryness periods having H and α resulting from the same polarimetric filter, 

respectively RL and IDAN (Table 3). The model with the best accuracy in Intermediate was 

composed of H resulting from the IDAN filter and α from ILS. 

 

Table 3. Best multiple linear regression models to estimate the AGB of the arboreal Caatinga 

considering the combinations of polarimetric filters for H and α for each period evaluated. H-RL = 

H resulting from the Refined Lee filter; α-RL = α resulting from the Refined Lee filter; H-IDAN = 

H resulting from the IDAN filter; α-IDAN = α resulting from the IDAN filter; α-ILS = α resulting 

from the ILS filter. 

 Biomass equation (Mg.ha
-1

) 

Greenness -109,715 + 326,802 * H-RL – 4,719 * α-RL 

Intermediate 20,774 – 67805 * H-IDAN + 2,361 * α-ILS 

Dryness 121,319 – 302,566 * H-IDAN + 5,695 * α-IDAN 

 

4. Discussion 

Considering the responses of all polarimetric filters, only α obtained from the ILS filter in 

the Intermediate period indicated that it was related to the estimate of AGB, explaining this 

variable in the regression model, and shown to be statistically significant in the 5% test of 

probability. Despite this, low R
2
 values were obtained in all individual interaction tests of the H 

and α attributes with AGB by linear regression. Different results were seen by Waqar et al. 

(2020b) who found high values of R
2
 for α (82%) and H (95%), and Waqar et al. (2020a) with R

2
 

between 61% and 75% for these same attributes, both in Tropical Peatland Forest using, 

respectively, L-band of PALSAR (ALOS-2) and C-band of RADARSAT-2 images for biomass 

estimates. This may be related to the different type of vegetation studied or the fact that Sentinel-

1's H and α are generated from dual polarimetric decomposition, as opposed to PALSAR and 

RADARSAT-2 full polarimetric data. Furthermore, another factor to be considered when 

estimating AGB using Sentinel-1 images may be the saturation problem in the responses of these 
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attributes when using the C-band as seen by Yang et al. (2019) and Waqar et al. (2020a) when 

used data from Radarsat-2, as both operate at the same wavelength. 

The Intermediate period also presented the lowest p-value values in all polarimetric filters, 

which, consequently, provided the highest R
2
 for both H and α, standing out both in linear and 

multiple regression. This indicates that this period provides a greater relationship between the 

AGB of the Caatinga and the C-band of Sentinel-1, and that the phenological period of the 

Caatinga influences the accuracy of the estimate of its AGB. Therefore, seasonality is a condition 

to be considered in studies of this biome, since it presents a high variation in its leaf cover 

(Formigoni et al., 2011; Barbosa and Kumar, 2016; Adami et al., 2018; Barbosa et al., 2011; 

Barbosa et., 2019; Jesus et al., 2021). 

Although the Intermediate Caatinga period has stood out in the relationship between the 

linear regression variables, each vegetation can have a period that provides a higher relationship 

between H and α and AGB. Waqar et al. (2020a), for instance, found a higher relationship in the 

dry season. Thus, the responses of these attributes indicate that they are related to the phenological 

condition of the Caatinga vegetation, where there is a high seasonal variation in its leaf cover, as 

well as in agricultural crops that present different stages of growth (Chirakkal et al., 2019; Haldar 

et al., 2019; Elango et al., 2021; Harfenmeister et al., 2021; Umutoniwase and Lee, 2021). This 

indicated that the variation of H and α as a function of the phenological seasonality of the 

vegetation enhances differences in information about the type of scattering and randomness of the 

radar signal. 

The seasonality effect of the studied Caatinga also showed that the different polarimetric 

filters presented specific responses when applied to each studied attribute in the estimation of 

AGB. The Intermediate period was the only one that presented the best multiple equation for 

estimating the AGB (R
2
: 32.05%) composed of different polarimetric filters (IDAN for H, and ILS 

for α). And, despite the Dryness period having presented a greater amount of R
2
 higher than 

Greenness, there was a better relationship between the Caatinga AGB and the coherent attributes 

from the RL filter applied to both H and α analyzed in the rainy season (R
2
: 30.55%). This is 

evidenced because the higher accuracy among the filtering methods that provided the most 

accurate result in the multiple regression equation in Dryness (R
2
: 21.67% applying the IDAN 

filter for H and α) was lower than Greenness. 

Even though the use of H and α alone is not enough to explain the variation and estimate 

the biomass of this vegetation from Sentinel-1, it was noted that there is a contribution of 

polarimetric decomposition in relation to AGB. Furthermore, this type of attribute may have 
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relevance in estimates that use other types of data such as incoherent ones, since the microwave 

phase provides different information than those obtained by the backscatter coefficient only. The 

joint analysis of coherent and incoherent attributes has already shown important responses as 

observed by Harfenmeister et al. (2021) using the Sentinel-1 C-band in estimating green and dry 

biomass in agricultural crops in Germany, and Huang et al. (2018) with the L-band of PALSAR-2, 

which noted a greater accuracy in modeling the AGB in the Eastern Temperate Forest, northern 

New England, USA. 

Although H and α provide a low relation with the AGB modeling of the Caatinga, it is 

important to emphasize that the specific characteristics of this biome can also make it difficult to 

obtain a good accuracy for this estimate, such as arboreal individuals with several branches, 

presence of herbaceous and large-sized Cacti. However, the relationship between dual polarimetric 

decomposition data from Sentinel-1 images with AGB has recently been applied in other forest 

environments around the world, such as the study by Ghosh and Behera (2021) in tropical 

mangrove forests India's eastern coast, and Cartus et al. (2021), studying Semiarid Forest Areas in 

the Sierra National Forest, California, USA. Both studies showed the importance of using this type 

of information. 

 

5. Conclusion 

The study demonstrated that H and α resulting from Dual Polarimetric Decomposition in 

Sentinel-1 images had, in general, low relationship with the AGB of the Caatinga studied, with 

higher R
2
 values seen in the Intermediate condition of the vegetation and α being the attribute with 

better accuracy in relation to H. When combined, an increase in R
2
 was observed in a few 

polarimetric filters, with a greater increase for the Greenness period, despite the Intermediate 

period presenting the highest R
2
. 

The comparison between polarimetric filters showed that some of them had a positive 

influence on the relationship between observed and estimated AGB, with no filter standing out in 

the three leaf cover conditions of the studied vegetation. Nevertheless, it was observed that the use 

of both attributes from the RL filter showed the best relationship with the AGB for Greenness and 

the IDAN filter for Dryness. For the Intermediate period, H resulting from IDAN and α from ILS 

showed greater accuracy in estimating AGB. 

The use of polarimetric decomposition provided information that cannot be analyzed with 

inconsistent data/attributes. Therefore, even if H and α have not shown a high relationship with the 

AGB of the Caatinga studied, it is necessary to test their application alongside other types of SAR 
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data, such as those resulting from the backscattering coefficients or even the use of other 

polarimetric bands, in order to verify their contribution to the estimation of the AGB for this type 

of vegetation. Additionally, this study demonstrated which polarimetric filters in the different leaf 

coverage conditions in the Caatinga provide better accuracy with the measured AGB, serving as a 

basis for future work. 
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2.3.7 Artigo 7: Aboveground biomass estimation of arboreal Caatinga using Sentinel-1 

images. 

Aboveground biomass estimation of arboreal Caatinga using Sentinel-1 images 

 

Abstract: Despite the relevance of the Caatinga biome, its high degradation brings an alert 

regarding the processes of desertification that have already been detected, needing to quantify and 

monitor the reduction of its biomass. An important tool used for this approach is the use of remote 

sensing, however, the use of radar images is still a novelty to be applied to estimate the 

aboveground biomass (AGB) of this biome. Therefore, the aim of this study was to use Sentinel-1 

images to estimate the aboveground biomass of the Caatinga from its attributes, verifying which or 

which of them, as well as in which seasonal period, is generated a more accurate relationship with 

the aboveground biomass. The study was carried out in the remaining Caatinga in the state of 

Sergipe, Brazil, with the forest inventory being carried out in 19 sample plots of 30 x 30 m each, 

measuring all stems of individuals with circumference at breast height (1.30 m from the ground) 

equal to or greater than 6 cm, and estimating the AGB through an allometric equation. Sentinel-1 

images from 3 different periods were used considering the phenological condition of the Caatinga 

(Greenness, Intermediate, Dryness), and all the pre-processing and extraction of attributes (VV, 

VH, VH/VV, Radar Vegetation Index-RVI, Dual Polarization SAR Vegetation Index-DPSVI, 

Entropy-H, Angle Alpha-α) were performed with SNAP software. These attributes were used to 
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estimate the AGB through simple and multiple linear regressions, and evaluated by the 

coefficients of determination (R
2
) and correlation (r), and root mean squared error (RMSE). The 

attributes individually showed little ability to estimate the Caatinga biomass in the three periods 

analyzed. Already combined by multiple regression, it was found that the Intermediate period 

presented the equation with the best results between the observed and estimated variable (R
2
: 0.73; 

r: 0.85; RMSE: 8.33 Mg.ha
-1

), followed by Greenness (R
2
 : 0.72; r: 0.85; RMSE: 8.40 Mg.ha

-1
). 

The attributes that contributed to these equations were: VH/VV, DPSVI, H, α, and the 

polarizations VV for Greenness and VH for Intermediate. The study showed that Sentinel-1 C-

band images can be used to estimate the aboveground biomass of the arboreal Caatinga as it 

presented a high correlation between its attributes with the variable estimated through multiple 

linear equations, Intermediate a best phenological condition of the vegetation for this estimate. 

Keywords: semiarid, tropical dry forest, synthetic aperture radar, C-band. 

 

Introduction 

Drylands represent significant areas along the planet as they extend over more than 40% of 

the Earth's surface (Sorensen, 2007) and their different biomes cover two-fifths of the Earth, with 

the semi-arid domain being the largest among the Aridity zone (Bastin, 2017). In South America, 

among the three extensions of the existing semiarid portion, the region of occurrence of the 

Caatinga biome stands out for being the representative of this climate zone in Brazil, which is 

characterized by high average annual temperatures, high spatial and temporal variability of rainfall 

as well as strong evaporation (Nóbrega et al., 2016). According to the Brazilian Ministry of 

Environment (MMA, 2021) this biome occupies about 11% of the national territory, distributed in 

10 states. 

The Caatinga biome presents an important biosphere-atmosphere interaction since it is 

under conditions of limited water supply, being considered to be exclusively Brazilian (Borges et 

al., 2020). It occurs in one of the most populous and biologically diverse semi-arid regions in the 

world, composed of different types of plant communities resulting from different microclimates 

and soils. Its adapted ecophysiological characteristics are evolutionarily associated with long 

periods of drought through its xerophytic character (Coe and Sousa, 2014; Santos et al., 2014; 

Marques et al., 2020). The vegetation presents a phenological condition of deciduousness under 

periods of drought and can be constituted by arboreal, shrubby and herbaceous species, generally 

thorny (Cole, 1960). 
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The ecological, social and economic issue in this region of Brazil is an obstacle for the 

biome, since the semi-arid region of Brazil already suffers from desertification processes that is 

aggravated by deforestation and land abandonment for activities such as agriculture, grazing and 

energy use (use of firewood). These activities cause increased soil degradation and, consequently, 

reduction in the response of the Caatinga to precipitation, making the area more vulnerable to 

drought (Salvatierra et al., 2017; Althoff et al., 2018; Vendruscolo et al., 2020). Faced with this 

problem of desertification, studies seek to understand this process and its consequences in this part 

of the country (Vieira et al., 2015; Tomasella et al., 2018; Bezerra et al., 2020; Vieira et al., 2020; 

Vieira et al., 2020; al., 2020; Barbosa Neto et al., 2021; Vieira et al., 2021). 

As the Caatinga has been reduced, it is necessary to identify the quantity of its plant 

biomass, to verify its loss, being a relevant knowledge not only in ecological terms for the biome, 

but also for studies on the contribution to greenhouse gas emissions (GHG) through the carbon 

content of its plant types (Brown, et al., 2020a; Menezes et al., 2021). The evaluation of 

aboveground biomass (AGB) using field measurements is already commonly studied in the 

Caatinga biome, as seen in recent studies by Souza et al. (2019), Castanho et al. (2020b), Oliveira 

et al. (2021a), Maia et al. (2020) and Menezes et al. (2021). 

Although the measurement of AGB based on traditional methods provides accurate results, 

these are laborious and time-consuming as they are carried out by forest inventories. Therefore, it 

is necessary to enable new techniques that can estimate this biomass indirectly, and, in this case, 

remote sensing can be an option that can generate information extracted remotely from forests that 

can be correlated with data obtained from field measurements to from their samples or plots 

(Baccini et al., 2004; Akhtar et al., 2020). Several remote sensors based on different characteristics 

are used to estimate the AGB of forests, with optical, LiDAR (Light Detection and Ranging) and 

radar the main data sources (Kumar et al., 2015). 

In the Caatinga, even though there is already a significant amount of work on estimating 

the AGB through traditional methods in its different types of vegetation, there is still a lack of 

application of remote sensing techniques to obtain this type of information. The studies by Lima 

Júnior et al. (2014), Fernandes (2018), Silveira et al. (2020) and Oliveira et al. (2021b) at the local 

level; and those by Saatchi et al. (2011) and Baccini et al. (2012) on a global scale, all using 

optical orbital sensors or LiDAR can be highlight. Therefore, there is no use of active Synthetic 

Aperture Radar (SAR) sensors in scientific papers specifically in this biome (Jesus and Kuplich, 

2020), with a lack of data to know the accuracy (or precision) of their data in estimating AGB. 
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SAR imaging has specific advantages when compared to optical, mainly in the biomass 

estimation in regions with characteristics of savannah to which the Caatinga resembles. Some of 

them are that microwaves cross clouds in these tropical environments where these are a problem 

for the use of optical images, and also the forest canopy managing to interact directly with 

vegetation (Kumar et al., 2015). Sentinel-1 is a newly functioning orbital radar, launched by the 

European Space Agency (ESA), operates at the C-band wavelength and provides free imaging 

(Nuthammachot et al., 2022). Its data have been used in studies related to estimating AGB in 

forests (Forkuor et al., 2020; Mayamanikandan et al., 2020; Safari and Sohrabi, 2020; Ghosh and 

Behera, 2021; Malhi et al., 2021; Vaghela et al., 2021; al. 2021). 

Given the characteristics of this radar, it is hypothesized that it is possible to significant 

interaction of these SAR data with the arboreal caatinga, through the level of penetration of the 

pulse of this sensor and the appearance of this vegetation, especially during the period of lesser 

leaf cover. Therefore, the aim of the present study was to evaluate the data extracted from the 

Sentinel-1 C-band images in estimates of aboveground biomass of the Caatinga, in three different 

phenological moments of the vegetation, verifying which period and which atribute (s) most 

correlate (s) with AGB. 

 

Material and methods 

Study area 

The study was conducted near the Grota do Angico Natural Monument Conservation Unit, 

in the municipalities of Canindé de São Francisco and Poço Redondo, in the state of Sergipe 

(Figure 1), a region in the semiarid region of Brazil according to with the National Institute of the 

Semi-Arid (INSA, 2019). The local climate is of the BSh type according to the Köppen 

classification, with annual precipitation below 700 mm and the average temperature ranging from 

24 to 26 °C (Alvares et al. 2014). This portion of the state has monthly aridity indices that lead to 

a high vulnerability to the climate risk of desertification (Jesus et al., 2019a), being considered as a 

desertification area according to the National Forest Inventory of the Brazilian Forest Service 

(MMA, 2018). 
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Figure 1. Location of the study area and distribution of sample plots, highlighting the variation in 

Caatinga leaf cover considering 3 phenological conditions: Greenness (A), Intermediate (B) and 

Dryness (C), from Sentinel-2 images (RGB: 4/3/2) dated, respectively 12-27-2018, 09-28-2019 

and 12-02-2019 (ESA, 2020), also illustrating the delimitation of the semiarid region and the 

occurrence of the Caatinga Biome in Brazil. 

 

The vegetation is characteristic of the Caatinga biome, composed of deciduous thorny trees 

and shrubs, typical of semi-arid to arid climates (Veloso et al. 1991), with dense forest remnants of 

hyperxerophytic caatinga (Ribeiro and Mello 2007) occurring in the different characteristics 

physiographic characteristics of the studied region (Jesus et al., 2019b). This plant typology has 

high phenological variation in leaf cover, especially less dense vegetation, conditioned by rainfall 

supply of the region (Jesus et al., 2021), being categorized as Tropical Dry Forest (FAO, 2012). 

The characteristic soils are of the Luvisolos and Planossolos type (Embrapa, 2011), under the 

occurrence of dissected reliefs on hills and tabular interflows, with a pediplan surface located in 

the Sertão Pediplano (SEMARH, 2012). 
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Methodological flowchart 

The study comprised two stages divided between field activity and the analysis of Sentinel-

1 images (Figure 2). The first aimed to measure the forest inventory data of arboreal caatinga 

species to estimate biomass from dendrometric calculations, initially carrying out a pilot inventory 

with 6 plots to test the feasibility of applying the data collection methodology used and select all 

areas for the implementation of the sample plots. Subsequently, 12 plots were complemented to 

complete the inventory. The second stage of the study was related to the acquisition and pre-

processing of Sentinel-1 images, concluding in the generation and extraction of attributes in each 

respective sample unit studied in the field, in order to be performed statistical analysis between 

field and satellite data. 

 

Figure 2. Methodological flowchart of the study. 

 

Obtaining field data and estimating arboreal aboveground biomass 

 The field work was carried out in two moments as indicated in the methodological 

flowchart (Figure 2), with the pilot inventory being carried out from December 16th to 20th, 2018, 

and the final inventory from September 8th to 15th, 2019. These activities for the measurements of 

dendometric data were carried out in intermediate periods between the rainy and dry seasons in the 

region considering the study on the phenology of the Caatinga by Jesus et al. (2021), in order to be 

able to analyze the estimated AGB of this vegetation under these 3 conditions. 

 The choice of areas for the implementation of these sampling units was based on the 

variation in the conservation status of the analyzed vegetation (degraded to conserved) from the 

interference of human activities. 19 plots were installed to carry out the Caatinga inventory, 

distributed near the Grota do Angico Conservation Unit (Figure 1), considering the maximum 

variation of vegetation in relation to biomass, density, composition and distribution of individuals, 

as shown in the Table 1, and more details can be seen in the study by Jesus et al. (2022). Each plot 

was properly georeferenced by the absolute method with the aid of a Garmim GPSMap branded 

C/A GNSS receiver. 
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Table 1. Characteristics of inventoried plots. (Spp N
o
.: number of arboreal species; Ind N

o
.: 

Number of arboreal individuals). 

Plot N° Spp  N° Ind Specific observations 

1 7 163 Higher density of individuals on the edges of the plots 

2 6 236 - 

3 7 290 - 

4 8 136 - 

5 13 246 - 

6 11 233 - 

7 7 88 - 

8 6 89 - 

9 7 99 50% of the plot in dense area and the rest in open vegetation 

10 7 119 Dominated by Helleborus foetidus and Croton heliotropiifolius 

11 1 2 
It has 152 individuals without reaching the diameter limit to be 

measured, and a large amount of Helleborus foetidus 

12 5 31 - 

13 14 228 - 

14 1 1 
Large individual in diameter and height, plot occupied by Helleborus 

foetidus and Senna obtusifolia 

15 11 198 - 

16 6 124 Higher density of individuals on the edges of the plots 

17 3 8 
Part of the area composed by Croton heliotropiifolius and Senna 

obtusifolia and another occupied by arboreal individuals 

18 6 103 50% of the plot in dense area and the rest in open vegetation 

19 0 0 Plot without vegetation 

 

The plot was delimited by an area of 30 x 30 m (900 m
2
), totaling an inventoried area of 

16,200 m
2
. Within each sampling unit, all living and dead individuals were recorded from the 

values of circumference at breast height - CBH (1.30 m from the ground) of the stems equal to or 

greater than 6 cm according to the Caatinga Forest Management Network (2005). The taxonomic 

identification of the species was carried out with consultations with the Herbarium of the Federal 

University of Sergipe and, mainly, with the specialized literature regarding floristic surveys in the 
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Caatinga of the studied region (MACHADO et al., 2012; SILVA et al., 2013; SILVA et al., 2016; 

SOARES et al., 2019). The species were classified according to the Angiosperm Phylogeny Group 

IV System (APG IV, 2016) and the nomenclature and authorship were obtained from the Flora do 

Brasil 2020 species list (Flora do Brasil, 2020) and from the Missouri Botanical Garden (2020) 

database. 

Each registered individual had their CBH measured with the use of a measuring tape and 

their respective total height (H) with the aid of a telescopic rod. Subsequently, for each CBH value 

per individual, the equivalent diameter (DBH) was obtained, since it is a dendometric measure that 

has high application in studies in the Caatinga (LIMA et al., 2018; LOPES et al., 2020; PEREIRA 

et al., 2020; SOUZA et al., 2020; MENEZES et al., 2021). Then, the aboveground biomass of 

individual trees was calculated using the allometric equation developed by Sampaio and Silva 

(2005) adopting: 0.173*(DBH)
2.295

, R
2
 = 0.9184, for all registered individuals. After measuring 

the biomass (kg) in each plot, it was converted to Megagram per hectare (Mg.ha
-1

). 

 

Acquisition, pre-processing and retrieval of Sentinel-1 data 

The acquisition date of the images to be analyzed considered the state of the caatinga leaf 

cover from the variation of the Normalized Difference Vegetation Index (NDVI) values for the 

study period. For this, the periods of high, intermediate and low NDVI values were selected, 

which indicate, respectively, the Greenness, Intermediate and Dryness conditions of the 

vegetation, considering similar NVDI values for each phenological condition of the caatinga for 

the years studied (Figure 3), using Sentinel-1 images acquired on: 2019-01-18/2019-09-03 

considering the Greenness period, 2018-08-15/2019-10-09 the Intermediate, and 2018-10-26/ 

2019-11-26 the Dryness. 
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Figure 3. Distribution of monthly precipitation and NDVI, with emphasis on NDVI for periods 

close to Sentinel-1 images acquisition (Greenness: 0.72 and 0.71; Intermediate: 0.5 and 0.47; and 

Dryness: 0.32 and 0.35). 

 

The NDVI values were obtained with pre-filtering in the dense arboreal caatinga fragment 

at the point: -37.68854; -9.66354, in the SATVeg Web tool, which is intended for temporal studies 

of vegetation. The spatial resolution covers a 250 x 250 m pixel, comes from the MOD13Q1 

product of the MODIS/Terra sensor, and has a temporal resolution of the composition every 16 

days, provided by the Brazilian Agricultural Company (Embrapa), which obtains the images from 

the Land Processes Distributed Active Center (LP-DAAC), linked to NASA's Earth Observing 

System (EMBRAPA, 2018). The monthly rainfall was acquired from the rainfall station in 

Canindé de São Francisco, made available by the Agricultural Development Company of Sergipe 

(Emdagro) in agricultural statistics on its own website (Emdagro, 2020). 

Sentinel-1 images of the study plots were acquired directly from the website of the 

European Space Agency (ESA, 2020), in the two-year duration of the study, since data collection 

was carried out at different times, and proceeded nearby the dates of the inventories. Sentinel-1A 

images, descending, in orbit 82, Interferometric Wide (IW) mode, in Ground Range Detected 

(GRD) and Single Look Complex (SLC) formats, both Level 1, in VV and VH polarizations were 

used. 

The pre-processing of the GRD images was performed according to Filipponi (2019) 

(Figure 4), and so that there was a similarity in the pixel dimension of the SLC in relation to the 

GRD, Multilooking was applied with four looks, 1 in azimuth and 4 in range, and in both the 
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images were cut (Subset) to speed up data processing. The Gamma 5 x 5 filter was selected in the 

GRD images, and in the SLC images, polarimetric filters were applied, which presented results 

with a greater relationship with the AGB for each period studied. 

 

Figure 4. Flowchart of image pre-processing and generation of SAR attributes. 

 

 From the GRD images, VV, VH and VH/VV polarization data in decibels (dB) were used, 

and were also generated: the Radar Vegetation Index (RVI) proposed by Kim and Zyl (2004) and 

modified for Sentinel-1 by Nasirzadehdizaji et al. (2019), and the Dual Polarization SAR 

Vegetation Index (DPSVI) proposed by Periasamy (2018), both in linear format. In the SLC 

images, the attributes entropy (H) and alpha angle (α) were obtained. 
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 All image processing and extraction of the attributes used (VH, VV, VH/VV, RVI, DPSVI, 

H and α), which are considered the evaluated variables, were performed with the Sentinel's 

Application Platform (SNAP 8.0.0) tool (ESA, 2020), obtaining their respective values for each 

attribute was performed for each plot through shapes created using QGIS 3.18. 

 

Statistical analysis 

The SAR attributes were individually evaluated using simple linear regression, observing 

the contribution of each in the estimate of aboveground biomass in the arboreal Caatinga, in each 

evaluated period, analyzing the hypothesis test from the p-value analysis of the 5% significance 

level, as well as the respective coefficient of determination (R
2
) and root mean squared error 

(RMSE) for the linear equations. 

Subsequently, multiple linear regressions were calculated considering all possible 

combinations of the attributes used, selecting the best equation for estimating biomass adopting 

the Principle of Parsimony, for each period evaluated, considering R
2
, correlation coefficient (r) 

and the RMSE. The respective graphic relationship between the observed and estimated data and 

the distribution of residual errors was also made. The statistical procedure was performed using 

the R Core Team 2021 software (Version 4.1.0). 

 

Results 

The aboveground biomass distribution for each individual showed a similar behavior 

between all plots, with the largest number of representatives having lower values for the AGB, 

with small peaks for this variable around 50 kg (Figure 5). Despite this, it appears that this 

increase varies quantitatively between some parcels such as 10, 11 and 18 with the increase in the 

number of individuals with lower AGB values, and parcel 17 with an increase of individuals with 

a higher AGB value. 

Also, it is noted, in general, that each plot has individuals who stood out in terms of their 

biomass, however, it is observed that the plots: 7, 9, 14, 16 and 17 had individuals with much 

higher AGB values when compared with the tree representatives of the other parcels. Plot 14, 

despite having only one individual, had the individual with the highest biomass (1875.66 kg) in 

the inventory. The opposite was seen in plot 11 which presented low values of AGB having 2 

arboreal representatives. 

Plot 11 was still the one that presented the smallest amount of AGB calculated per plot, 

considering those that had individuals registered, considering that plot 19 had no arboreal 
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representative (0 Mg.ha
-1

 of AGB). It is also observed that there is variation in AGB between the 

inventoried plots, with the plots 10, 18, 12, 8, 17 and 4 presenting AGB between 10 and 20 Mg.ha
-

1
, 14 and 7 with 20.84 and 21.60 Mg.ha

-1
, respectively, and the 13 and 1 with 32.80 and 39.83 

Mg.ha
-1

, respectively. The plots: 9, 16, 15, 6, 2, 3 and 5 were those that had consecutively the 

highest values of AGB, and plot 5 had the highest AGB calculated with 46.63 Mg.ha
-1

. 

 

Figure 5. Distribution of biomass (kg) of individuals (plot 19 there was no boxplot because there 

was no individual) and total biomass (Mg/ha), calculated per plot (1-18). 

 

 The results of the hypothesis test through the p-value statistical analysis (Table 2) show 

that during the Greenness period there was no SAR attribute that explained the Y variable (AGB) 
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of each respective simple linear regression equation. In the other two periods evaluated, it was 

observed that in each one there were two SAR attributes that presented significant difference at the 

5% level of significance. The VH attribute stood out in both the Intermediate and Dryness periods, 

with respective p-values of 0.030 and 0.034. However, the smallest p-values were seen for α in 

Intermediate (0.022) and for VV polarization in Dryness (0.010). 

 

Table 2. Values for the simple linear regression hypothesis test for each SAR attribute for each 

analyzed period. B: equation coefficients; SE: standard error; t: stat t; p-value: probability of 

significance. 

 

Greenness Intermediate Dryness 

  B SE t 
p-

value 
B SE t 

p-

value 
B SE t 

p-

value 

VH 4.97 2.74 1.809 0.088 4.10 1.73 2.366 0.030 3.73 1.61 2.306 0.034  

VV 3.35 3.19 1.051    0.307 3.71 2.61 1.423 0.172 6.61 2.28 2.896 0.010 

VH/VV -4.88 19.74 -0.248 0.807 -19 23.79 -0.798 0.436 22.03 29.68 0.742 0.468 

DPSVI -13.12 29.03 -0.452 0.657 11.78 26.98 0.437 0.667 -1 29.71 -0.034 0.973 

RVI 12.95 19.63 0.66 0.518 26.02 17.13 1.518 0.147 21.42 14.52 1.475 0.158 

H 46.77 62.4 0.749 0.464 50.02 40.97 1.221 0.239 34.58 41.48 0.834 0.416 

α -0.27 0.95 -0.285 0.779 1.47 0.59 2.500 0.022 0.81 0.66 1.218 0.240 

Gray values indicate significant difference at the 5% level of significance. 

 

 When analyzing the quality of adjustment of the SAR attributes individually, a weak 

relationship of each one in relation to the estimated biomass is observed since low R
2
 and high 

RMSE are verified in all evaluated periods (Figure 5). The VH polarization was highlighted in 

relation to the others, presenting the highest R
2
 for the Greenness vegetation (0.161), period 

which, in general, presented the lowest values for this coefficient. This attribute stood out still 

being the second with the highest value for this coefficient for Intermediate (0.238) and Dryness 

(0.248). The highest R
2
 between the three periods were obtained in the polarization VV-Dryness 

(0.238) and α-Intermediate (0.269). It is also verified that the attributes with the best R
2
 had the 

highest values for the RMSE, except only for α-Intermediate that presented the lowest RMSE 

(14.39 Mg.ha
-1

) among all those analyzed in the three periods. 



134 
 

  

 

Figure 5. Quality of adjustment (R
2
 and RMSE) of the analyzed SAR attributes and the AGB of 

the arboreal Caatinga for each period evaluated. 

 

 When performing the multiple linear regressions, it was observed that the DPSVI attribute 

was present in the composition of the equations in the three periods evaluated (Table 3), and in 

Dryness the best combination between the attributes was verified only with the DPSVI and the 

cross-polarization (VH). Also considering the composition by attributes, the equations for 

Greenness and Intermediate differed only between the polarizations VV and VH, respectively, 

highlighting the importance of the attributes: VH/VV, H and α, in addition to the aforementioned 

vegetation index, in the relationship to estimate the AGB variable. 

 

Table 3. Multiple linear regression model for estimating the AGB of arboreal Caatinga for each 

period evaluated. 

 

Biomass equation (Mg.ha
-1

) R
2
/r 

RMSE 

(Mg.ha
-1

) 

Greenness 
343.119 + 17.72 * VV - 115.896 * VH/VV - 84.557 * 

DPSVI + 233.448 * H - 4.428 * α 
0.72/0.85 8.40 

Intermediate 
342.552 + 9.920 * VH - 45.972 * VH/VV - 126.629 * 

DPSVI - 129.917 * H + 2.021 * α 
0.73/0.85 8.33 

Dryness 195.06 + 8.52 * VH - 102.93 * DPSVI 0.55/0.74 10.65 
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 It was found that the best equations for estimating AGB generated much higher R
2
 (0.72 

for Greenness, 0.73 for Intermediate and 0.55 for Dryness) than the simple regressions. 

Consequently, the multiple linear equations established a high positive correlation between the 

observed and estimated variable, with respective r of: 0.85 for Greenness and Intermediate, and 

0.74 for Dryness. Although the relationship between the observed and estimated AGB variables of 

the multiple regression during the Intermediate period was the only one that presented an estimate 

above 50 Mg.ha
-1

 (plot 5), it is observed that the data are distributed closer to the straight line of 

the equation obtained when compared to Greenness and Dryness (Figure 6). 

 

Figure 6. Graphic relationship between the observed AGB and the best multiple linear regression 

model of the estimate, and their respective residuals per sample plot, for each period analyzed. 

 

 Residual analysis by RMSE (Table 3) shows that the AGB estimation equation for the 

Intermediate period (8.33 Mg.ha
-1

) was smaller than the Greenness (8.40 Mg.ha
-1

) and Dryness 
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(10.65 Mg.ha
-1

). When observing the distribution of the residual error by sample plot (Figure 6), it 

is verified that the variation of the scale of the residue by period analyzed followed the same 

increasing order of the RMSE, with an amplitude of 28.2 Mg.ha
-1

 for Intermediate, 30.5 Mg.ha
-1

 

for Greenness and 39.57 Mg.ha
-1

 for Dryness. Plots 4, 15 and 16 are among the ones that showed 

more discrepancies between the estimated and observed AGB, also highlighting the plot 9 for the 

Greenness and Dryness period, and additionally plot 11 for Dryness. 

 

Discussion 

The calculated above-ground biomass showed that the vast majority of arboreal individuals 

have low values for this variable in the Caatinga of the studied area, indicating that there is a high 

number of individuals with smaller dendrometric dimensions, mainly diameters, characteristic of 

forest communities in regeneration, which it is also verified in other inventories in this Biome 

(Lima et al., 2017; Lima et al., 2018; Lopes et al., 2020; Nascimento Neto et al., 2020). 

The influence of the diameter on the AGB in the measured arboreal individuals caused, 

consequently, the different biomass responses of the Caatinga in the inventoried plots. This is 

verified when comparing the plots 11 and 14, which had, respectively, 2 and 1 individuals, but 

which totally differed in terms of AGB presenting 0.17 and 20.84 Mg.ha
-1

, respectively. This 

influence was also verified in the variation of AGB in relation to the number of individuals in the 

other plots, with plots (7, 8, 9, 7, 11 and 17) with fewer individuals not being among those with 

the lowest calculated biomass, which indicates the variability of the composition of the sampling 

units used. Despite this, the plots with the highest amount of tree representatives (2, 3, 5, 6 and 15) 

were those with the highest AGB, with the exception of plot 13 with 228 measured individuals, 

but with 32.80 Mg.ha
-1

, as a result of their small diameters. Therefore, the variation of the AGB is 

also a result of the different phytosociological characterizations, phytophysiognomies and 

conservation status of the sample units in this biome, as also verified by Castanho et al. (2020b) 

and Menezes et al. (2021). 

Regarding the statistical relationship by linear regression of AGB per plot and each SAR 

attribute analyzed, it was observed that there is little variation in the responses since the vast 

majority of interactions for the phenological periods evaluated had no significant difference at the 

5% level of significance, showing that the attributes individually have no influence on the Y 

variable (AGB) of the regression equation. Despite this, it is noted that 4 responses had an impact 

on the AGB equation, with emphasis on the VH polarization being the only statistically significant 

attribute in two periods (Intermediate and Dryness). This shows that there is variation between the 
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responses of some SAR attributes and the phenological condition of the vegetation, and that the 

AGB estimates depend on the image acquisition station (Nguyen et al., 2016). However, even 

these interactions having an impact on this estimate, there was little relationship between all SAR 

attributes and AGB, as evidenced by the low values of R
2
 and high residual errors (RMSE). 

Among the polarized data, the VH attribute even presented the highest R
2
 for Greenness 

(0.161), being the second most accurate for Intermediate (0.248) and Dryness (0.238), which 

shows the importance of the interaction of this polarization in the three seasonalities of the 

Caatinga. However, the VV polarization stood out with the highest R
2
 (0.33) in Dryness among 

the other attributes and periods, indicating a greater response of the interaction of this polarized 

data with the vegetation without the presence of leaves, which may indicate that the backscatter 

intensity of this polarization it is more sensitive to AGB in the dry season than in the rainy season 

(Nguyen et al., 2016). Malhi et al. (2021) also found that the VV polarization was superior in 

accuracy (r: 0.74) compared to the cross polarization (r: 0.05) of Sentinel-1 when analyzing the 

AGB of the dense tropical forest in the Shoolpaneshwar Wildlife Sanctuary (SWS), Gujarat, India. 

However, different answers were seen by Bao et al. (2019) when verifying better accuracy (0.50) 

of the VH in relation to the VV of Sentinel-1 in estimating the AGB of semiarid vegetation (Hulun 

Buir meadow steppe) in China, Navarro et al. (2019) with R
2
 of 0.90 in mangrove forest of 

Senegal with AGB less than 35 Mg.ha
-1

, Safari and Sohrabi (2020) showing better correlation with 

AGB in retrieval in Zagros oak forests, in Kermanshah province, western Iran , and by 

Nuthammachot et al. (2022) which indicates that cross polarization may be more sensitive to AGB 

than co-polarization. 

The good contribution of VH polarization in estimating AGB as seen in the Greenness and 

Intermediate period compared to VV and HH may be due to the lower influence of soil moisture 

on its response (Huang et al., 2018). Furthermore, this attribute is associated with a greater 

volumetric dispersion caused by the high canopy density (Laurin et al., 2018). This polarization 

was also important in the composition of the multiple linear equation in the Intermediate and 

Dryness periods, which may be related to its interaction with the high number of ramifications 

characteristic of the analyzed Caatinga, consequently resulting in greater volumetric scattering, 

which is expected by cross polarization. 

Cross polarization was also highlighted in studies using the L band, such as the one by 

Mitchard et al. (2009) who verified better performance of HV polarization (R
2
: 0.73) compared to 

HH (R
2
: 0.55) of ALOS PALSAR images in different vegetation formations including savannah 

regions in Cameroon, Uganda and Mozambique, in Africa, and Nguyen et al . (2016) with data 



138 
 

  

from ALOS PALSAR-2, where HV polarization could explain the 54% variation in biomass in 

tropical forest with deciduous characteristics in Vietnam. Wingate et al. (2018) verified accuracy 

of R
2
: 0.74 in estimating the AGB of the savanna in northeastern Namibia, using data from 

PALSAR and PALSAR 2 from Linear logarithmic models. Braun et al. (2018) when estimating 

the AGB in low-biomass savanna ecosystems obtained as the best response an R
2
 of 0.52 using the 

combination of data from ALOS PALSAR, ENVISAT, and Special Sensor Microwave Imager 

(SSM/I) with a non-regression model. linear. 

Despite the low relationship between each SAR attribute and AGB in the present study, 

when comparing the results obtained with the study by Lima (2021) that used the combination of 

VV and VH bias of Sentinel-1 in the regression model to estimate the Woody AGB in this biome, 

in the Sertão Central region of the state of Ceará, it is noted that there is not such a high R
2
 for 

both the dry (0.34) and the rainy (0.30) periods. On the other hand, by combining the attributes 

used to estimate the AGB through multiple linear regression in the Caatinga area of the present 

study, it appears that they provide information that, additionally, better explain the estimated 

variable in all analyzed periods of the Caatinga as observed by R
2
, considering the good variability 

of vegetation in the sample plots to test the statistical model. 

This is verified by analyzing the response in Dryness, which, when associating the VH 

polarization with the DPSVI, presented a R
2
 (0.55) higher than all the responses of the attributes 

individually at all times. However, despite the increase in this relationship in this period, the 

addition of the other attributes did not provide a consecutive increase in accuracy for estimating 

AGB. The same was seen by Forkuor et al. (2020) when estimating the AGB in West African 

dryland forest (Sudanian Savanna), where the largest number of SAR variables (VV, VH, VH-VV 

and VH+VV) of Sentinel-1 in the model did not provide improvement in accuracy (R
2
: 0.66), with 

a better estimate being verified when using only the VH and VV polarizations (R
2
: 0.76). 

Regarding the Greenness and Intermediate condition, there was a significant increase in accuracy 

when using 5 attributes which have a relationship and impact on the estimation of AGB, with high 

R
2
 and lower residual errors. 

Among the attributes used in the multiple linear regression to estimate the AGB of the 

arboreal Caatinga, the radar vegetation index (DPSVI) stood out, being present in the estimation 

models in the three periods analyzed. Periasamy (2018) also found that the DPSVI was relevant in 

estimating the AGB in the Perambular District, Tamil Nadu, India, with landscapes composed of 

forest and barren land areas, both in the dry (R
2
: 0.73) and rainy seasons (R

2
: 0.70) through simple 

linear regression, which shows that this index is related to the biomass of the analyzed vegetation. 
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The band ratio composed the multiple linear equation in Greenness and Intermediate, 

different from what was seen by Laurin et al. (2018) who observed a greater relation of this 

attribute of Sentinel-1 under deciduous vegetation conditions, which may interact with small 

branches, which are more exposed when there is no canopy, and which contribute to AGB in view 

of the abundance in vegetation types with a large number of branches. However, this difference 

can be explained because the area of your study is composed of broadleaf forests and high AGB, 

the opposite of the Caatinga physiognomy. 

The coherent attributes (H and α) of the Sentinel-1 images were also relevant in estimating 

the Caatinga AGB in the Greenness and Intermediate periods. Indicating that information about 

the type of scattering and its randomness from microwave phase data contributes to the multiple 

relationship with the estimated variable, which would not be possible to have in the incoherent 

data from the backscatter coefficients. Cartus et al. (2021) studying Semiarid Forest Areas in the 

Sierra National Forest, California, USA, and Ghosh and Behera (2021) in India's eastern coast 

tropical mangrove forests, despite using other coherent Sentinel-1 data, also verified its 

importance in modeling from the AGB estimate. The same was evidenced by Huang et al. (2018), 

using information obtained from the polarimetric decomposition of the L-band of PALSAR-2, 

such as the alpha angle, generating more accurate AGB estimation models in the Eastern 

Temperate Forest, northern New England, USA. 

Despite the good relationship between the observed and estimated AGB obtained in the 

present study, it is important to note that in the analyzed Caatinga area there are other components 

present in the sample plots, such as herbaceous plants (Croton heliotropiifolius, Helleborus 

foetidus, Senna obtusifolia), Large catcaceae size such as Cereus jamacaru and Pilosocereus 

gounellei, and even exposed stones as is characteristic of the region's soil, which may have caused 

errors in the estimate, not allowing a better correlation between the analyzed variables. Therefore, 

the presence of these elements may have influenced the interaction of the radar signal since the 

microwave interacts with all components of the plot resulting in Sentinel-1 image pixels affected 

by components that are not just the AGB of the estimated vegetation. 

 

Conclusion 

The study found that the combination of polarized attributes with those from the 

polarimetric decomposition of Sentinel-1 images allowed a high correlation with the aboveground 

biomass estimate of the studied arboreal Caatinga using multiple linear regression. On the 



140 
 

  

contrary, the individual use of the attributes did not generate a good relationship between the 

estimated and observed variable, for the evaluated vegetation conditions. 

 The phenological condition of the Caatinga with the best result regarding the biomass 

estimate in question was Intermediate, followed by Greenness, with only the difference of the VH 

attribute by the VV, respectively, in the composition of the multiple linear equation. Despite the 

vegetation under strong drought (Dryness) present the lowest R
2
 among the multiple regressions, 

its value was superior to all attributes when used individually in the three conditions of the 

Caatinga. 

 Therefore, Sentinel-1 C-band images can be used to estimate the aboveground biomass of 

the arboreal Caatinga as it presented a high correlation between its attributes with the estimated 

variable. In addition, Sentinel-1 serves as an alternative to the use of optical images, considering 

the difficulty of obtaining images without the presence of clouds. However, although this study 

seeks as much variation as possible in the local vegetation, it is noteworthy that the Caatinga has 

different phytophysiognomies and it is necessary to observe the capacity of estimating the AGB in 

each typology, as well as the allometric equation that best estimate the vegetation biomass. 

Likewise, different pre-processing in the images and the use of other data obtained from this radar 

can generate other results in correlations for estimating AGB. 
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3 CONCLUSÕES 

O uso de dados de sensoriamento remoto e de técnicas de geoprocessamento foi 

fundamental para o cumprimento de todos os objetivos propostos na presente tese, 

sendo possível gerar e analisar dados espaço-temporais remotamente e relacioná-los 

com as informações biofísicas da vegetação de Caatinga.  

Ao avaliar a distribuição da Caatinga na Unidade de Conservação Monumento 

Natural Grota do Angico, região semiárida, verificou-se que esta vegetação não é 

influenciada pelas características fisiográficas selecionadas (altimetria, declividade, tipo 

de solo e proximidade ao rio São Francisco) da área. Sendo assim, não possui um 

padrão espacial definido, descartando as hipóteses de que este tipo de floresta possui 

relação (quanto à expressão do NDVI) com estes fatores fisiográficos avaliados.  

Elaborando-se o perfil fenológico para a Caatinga no Alto Sertão do estado de 

Sergipe e analisando-se o seu comportamento foi possível conhecer os períodos de 

mudança fisiológica desta vegetação. Ainda se constatou que a caatinga arbórea densa 

possui um maior período com presença de folhas quando comparado à caatinga aberta, 

mostrando a sua capacidade de resistência e indicando a importância de se manter 

áreas com alto nível de conservação como medida de proteção e manutenção do Bioma.  

As informações de menor capacidade de resiliência da Caatinga ao se reduzir a 

sua densidade é de alta relevância para a região de estudo, uma vez que a avaliação da 

composição e estrutura da vegetação de Caatinga inventariada detectou que a atividade 

humana pode atuar fortemente nesse ambiente. Isso é comprovado ao verificar que 

parcelas mais degradadas possuíram menor diversidade e número de indivíduos, 

indicando a ocorrência de degradação da flora no sertão sergipano estudado. 

Assim como o objeto de estudo, as imagens de radar possuem respostas variadas 

dependendo dos tipos de pré-processamento, como por exemplo na atenuação do 

speckle ao aplicar os diferentes tipos de filtragem nas polarizações e períodos de 
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imageamento na Caatinga avaliada. Tais respostas são relevantes pois fornecem 

informações para tomadas de decisão na etapa de filtragem desse ruído para 

pesquisadores que utilizem imagens GRD do Sentinel-1 na Caatinga. Contudo, é 

importante mencionar que, apesar do filtro Gamma ter sido o mais representativo em 

termos de maior atenuação do ruido. Ao utilizar imagens SLC do Sentinel-1 para analisar 

as acurácias de diferentes filtros polarimétricos quanto à estimativa da biomassa da 

Caatinga avaliada, observou-se que a aplicação da Dual Polarimetric Decomposition 

possibilitou baixa relação entre as variáveis analisadas, necessitando de estudos 

adicionais para avaliar as possibilidades de estimativa de biomassa acuradas. 

O estudo permitiu constatar que as imagens da banda C do Sentinel-1 podem ser 

utilizadas para estimar a biomassa acima do solo da Caatinga arbórea uma vez que 

apresentou alta correlação entre os seus atributos com a variável estimada por meio de 

equações lineares múltiplas, com as melhores condições fenológicas da vegetação para 

esta estimativa verificadas sob período de alto vigor e intermediário de sua cobertura 

foliar. Não se indica o uso de regressão linear simples para estimar a biomassa da aérea 

Caatinga analisada a partir dos atributos SAR utilizados, indicando-se apenas modelos 

de regressão múltipla.  

Portanto, o presente estudo, por ser um dos pioneiros no uso de imagens do 

Sentinel-1 para estimar a biomassa acima do solo especificamente no bioma Caatinga, 

assume alta relevância tendo em vista a carência de aplicações de imagens de radar no 

bioma Caatinga. Além disso, os dados obtidos do Sentinel-1 em combinação com os 

ópticos (mediante disponibilidade de imagens com qualidade que permitam sua 

utilização) podem ser avaliados em estudos futuros na Caatinga. E, o Sentinel-1 serve 

como alternativa às imagens ópticas para aplicações na Caatinga tendo em vista a 

dificuldade de se obter imagens sem presença de nuvens. 

Ressalta-se que, apesar de no presente estudo se buscar o máximo de variação 

possível da vegetação local, o bioma Caatinga possui diferentes fitosisionomias e é 

necessário observar a acurácia da estimativa da biomassa acima do solo em cada 

tipologia, assim como a equação alométrica que melhor estime esta variável da 

vegetação. Da mesma forma, diferentes pré-processamentos nas imagens do Sentinel-1 

bem como o uso de outros dados obtidos deste radar podem gerar outros resultados nas 

correlações para a estimativa dessa biomassa. 
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