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Resumo

O bioma Cerrado tem sido pressionado pela expansao da fronteira agricola nos
ultimos anos. As estratégias do governo brasileiro para monitorar o desmatamento
no bioma utilizam principalmente imagens de satélite multiespectrais, cuja disponibili-
dade e qualidade s&o limitadas pela cobertura de nuvens nas cenas. A limitagdo dos
dados 6pticos em fornecer séries temporais densas ao longo dos anos cria a neces-
sidade de alternativas para o monitoramento continuo do Cerrado. Nesse contexto,
diversos estudos investigaram o potencial dos dados de SAR para monitorar a vegeta-
cao do Cerrado devido a sua caracteristica livre de nuvens, alta frequéncia de revisita
e ampla cobertura espacial. Nos ultimos anos, a crescente disponibilidade de dados
abertos de SAR, liderada pela missao Sentinel-1, permitiu o desenvolvimento de varios
indices de vegetacdo SAR como descritores de vegetac&o, a maioria focada no mo-
nitoramento de plantagdes. No entanto, até onde sabemos, estudos que investigam
0 uso de indices de vegetagdo SAR para mapear € monitorar o bioma Cerrado néo
foram abordados até o momento. Neste estudo, o comportamento temporal de cinco
indices de vegetacdo SAR derivados de dados do Sentinel-1 foi investigado no pe-
riodo entre 2017 e 2021 para trés classes de vegetacao (Floresta, Savana e Campos
de Cerrado) no Parque Nacional de Brasilia. A analise dos perfis temporais demons-
trou que todos os indices estudados seguem um padrédo sazonal diretamente ligado
ao regime pluviométrico no local de estudo. Dual-pol Radar Vegetation Index (DpRVI)
e Radar Vegetation Index (RVI) foram relacionados a taxa de variagdo do sinal de
radar sobre a vegetacdo em funcio da influéncia da sazonalidade. Por outro lado, Po-
larimetric Radar Vegetation Index (PRVI), Dual Pol SAR Vegetation Index (DPSVI) e
Modified Dual Pol SAR Vegetation Index (DPSVIm) foram diretamente relacionados ao
nivel de biomassa das classes e suas variagdes ao longo do tempo. Verificou-se que
a precipitacdo e as mudangas sazonais na estrutura da vegetacao foram importantes
impulsionadoras do deslocamento e da dispersao das distribuicbes espaciais dos in-
dices ao longo do tempo. Nesse sentido, um fendmeno denominado equalizagao de
indices foi observado em datas chuvosas, deslocando e espalhando as distribuicoes
espaciais de todas as classes para as mesmas faixas de valor dos indices; degradando
a separabilidade entre classes. Um teste de hipotese baseado na analise de distancias
estocasticas demonstrou que a similaridade entre as classes aumenta nas estacdes
secas e diminui nas estagdes chuvosas. As curvas de rejeicao da HO do DpRVI e RVI
permaneceram acima de 97% sem um padrao sazonal claro. As curvas PRVI, DPSVI
e DPSVIm para pares de classes apresentaram taxas de rejeicdo da HO acima de 94%
dentro de um padrao sazonal.

Palavras-Chave: Cerrado, Séries Temporais, Distancias Estocasticas



Abstract

The Cerrado biome has observed under pressure by the expansion of the agricul-
ture frontier in the recent years. The Brazilian government methodological strategies
for monitoring the deforestation in the biome encompasses the use of multispectral sa-
tellite imagery, whose availability and quality are constrained by the cloud cover in the
scenes. The optical data limitation to provide dense time series all over the years raises
the need of alternatives for the continuous monitoring of the preserved areas. In this
context, various studies investigated the potential of SAR data to monitor the Cerrado
vegetation due to its cloud-free characteristic, high revisit frequency and wide spatial
coverage; which allows the continuous monitoring of the Brazilian savanna physiogno-
mies. In the recent years, the increasing availability of open SAR data leaded by the
Sentinel-1 mission allowed the development of various dual-pol SAR vegetation indices
as descriptors of the vegetation, most of them focused on crop monitoring. However, to
the best of our knowledge, studies that investigate the use of SAR vegetation indices
to map and monitor the Cerrado biome have not been addressed until then. In this
study, the temporal behavior of five SAR vegetation indices derived from Sentinel-1
data was investigated in the period between 2017 and 2021 for three vegetation clas-
ses (Forest, Savanna and Grasslands) in the Brasilia National Park, Brazil. Temporal
profiles analysis showed that DpRVI, RVI, PRVI, DPSVI and DPSVIm follows a seaso-
nal pattern directly linked with the rainfall regime in the study site. DpRVI and RVI were
found related to the rate of radar signal variation over the vegetation as a function of the
seasonality influence. PRVI, DPSVI and DPSVIm were found directly related with the
biomass level of the classes and its variations over time. The precipitation and the se-
asonal vegetation structure changes were found as an important driver of the shift and
the spread of the indices spatial distributions over time. In this regard, a phenomenon
here called index equalization was observed on rainy dates, shifting and spreading all
classes spatial distributions to the same indices values ranges; consequently degrading
the separability between the classes. A hypothesis test based on stochastic distances
analysis demonstrated that the similarity between the classes raises in the dry seasons
and decreases in the wet seasons. The PRVI, DPSVI and DPSVIm curves for pairs of
classes showed rates HO rejection above 94% within a seasonal pattern. The DpRVI
and RVI HO rejection curves remained above 97% without a clear seasonal pattern.

Keywords: Cerrado, Time Series, Stochastic Distances
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1 INTRODUCAO

Ocupando aproximadamente 2 milhdes de km? (aproximadamente 24% do territo-
rio brasileiro), o Cerrado brasileiro € a savana mais diversa do mundo biologicamente
(BUSTAMANTE et al., 2012). O Cerrado abriga mais de 12,000 espécies de plantas
(JOLY et al., 2019) e um terco da biodiversidade brasileira, com alto grau de ende-
mismo (KLINK; MACHADO, 2005). Considerado uma dos 34 hotspots de conservagao
da biodiversidade (MITTERMEIER et al., 2005), o bioma se encontra sob pressoées de
origem antrépica. Tais pressdes se dao, principalmente, pelo fato de o Cerrado ocu-
par uma posi¢ao estratégica na economia brasileira devido a produgcao de commodi-
ties agricolas (ALENCAR et al., 2020) e com a expanséo da fronteira agricola no pais
(SANO et al., 2019), especialmente na regido do MATOPIBA (Maranhao, Tocantins,
Piaui e Bahia) (SPERA et al., 2016). Esses quatro estados juntos foram responsaveis
por 55% das perdas de vegetagao nativa entre 2005 e 2017 (ALENCAR et al., 2020).
Atualmente, estima-se que aproximadamente metade do dominio territorial do bioma
tenha sido convertido em areas agricolas, pastagens ou algum outro tipo de ocupagao
humana (STRASSBURG et al., 2017; SANO et al., 2019; ALENCAR et al., 2020).

O mapeamento do Cerrado de 2021, produzido pelo projeto MapBiomas indica que
aproximadamente 53% do territério do Cerrado total foi classificado como vegetacéo
natural. O mapa ainda aponta 46% do Cerrado mapeado como diferentes usos an-
tropicos, principalmente agricultura, aquicultura e mineragdo. Em termos de desmata-
mento, dados do projeto PRODES Cerrado no portal Terra Brasilis (ASSIS et al., 2016)
demonstram uma tendéncia crescente de supressao da vegetacgao entre 2019 e 2022,
periodo onde um total de 10.700 Km? de area desmatada foi detectada. Além disso,
em 2022, o Sistema de Alerta de Desmatamento do Cerrado (SAD-Cerrado) reportou
91.768 alertas de desmatamento englobando uma area de 8.155,32 Km?, principal-
mente na regidao do MATOPIBA (ALENCAR et al., 2022).

Tais estratégias de monitoramento do Cerrado se baseiam principalmente na utili-
zacao de dados de sensores multiespectrais. Contudo, o0 monitoramento do bioma por
imagens multiespectrais e seus derivados é dificultado devido as extensas e persisten-
tes coberturas de nuvens em algumas areas e a alta sazonalidade climatica (SILVA;
SANO, 2016). Além disso, a vegetacéo do Cerrado é caracterizada como um mosaico
de diferentes propor¢des de florestas riparias, florestas deciduas e semi-deciduas, flo-
restas de savana, matagais e campos, com fenologias de dindmica altamente sazonal
(SANO et al., 2021).

Para contornar essas limitacbes dos dados multiespectrais, pesquisas foram con-
duzidas com dados de radares de abertura sintética (SAR). A principal vantagem de



utilizacao desses dados é o fato de que a radiagdo de microondas é capaz de atraves-
sar nuvens, garantindo um imageamento continuo em diferentes condi¢des meteoro-
I6gicas e de iluminagdo. Historicamente, as pesquisas de mapeamento do Cerrado a
partir de dados SAR estiveram concentradas na utilizagdo dos coeficientes de retro-
espalhamento (¢?, B° e y°) e variaveis polarimétricas como entropia (H) e angulo alfa
(e). Alguns exemplos sdo Sano et al. (2001), Sano et al. (2005), Mendes et al. (2019),
Bispo et al. (2020) Zimbres et al. (2021) e Lewis et al. (2021).

Nos ultimos 6 anos, a crescente disponibilidade de dados SAR liderada pela Agén-
cia Espacial Europeia (ESA) com a missao Sentinel-1 impulsionou o desenvolvimento
de indices SAR de vegetacédo como DPSVI (PERIASAMY, 2018), PRVI (CHANG et al.,
2018), RVI (NASIRZADEHDIJAZI et al., 2019), DpRVI (MANDAL et al., 2020) e DPS-
VIm (SANTOS et al., 2021), em sua maioria destinados ao monitoramento de culturas
agricolas. Os indices SAR de vegetag¢ao sao modelos matematicos que se aproveitam
das propriedades polarimétricas da interagdo do sinal de radar com a cobertura vege-
tal para melhorar o contraste entre vegetacao e outros alvos terrestres, simplificando a
analise dos dados SAR. Contudo, até o momento, nao foram identificados estudos que
abordam a utilizagéo de indices SAR de vegetagao para o monitoramento do Cerrado.



2 OBJETIVO

A partir desse contexto, este estudo levanta a seguinte pergunta cientifica: Como
os indices de vegetagao derivados de dados SAR de dupla polarizagdo descrevem
a vegetacao do Cerrado ao longo do tempo? A pergunta esta baseada na premissa
de que, conhecendo e compreendendo a dindmica sazonal de uma area de Cerrado
preservado por meio de dados SAR é possivel identificar e interpretar melhor eventuais
perturbagdes no futuro. Portanto, o principal propdsito deste trabalho é investigar o
potencial dos indices de vegetacao derivados dos dados SAR da constelagao Sentinel-
1 como indicadores das dindmicas sazonais da vegetagao do Cerrado.

Para responder a essa pergunta, a primeira parte desse trabalho explora o com-
portamento espaco-temporal do coeficiente de retroespalhamento ¢° e das variaveis
polarimétricas entropia (H) e angulo alfa (&) de trés fitofisionomias do Cerrado no Par-
que Nacional de Brasilia (PNB): Formagao Florestal, Formagao Savanica e Formagéao
Campestre. O objetivo foi caracterizar distribuicdes espaciais e tendéncias temporais
dessas variaveis, configurando um conhecimento-base para a interpretagao dos indi-
ces SAR de vegetagéo.

A segunda parte € um artigo que trata do comportamento espago-temporal de cinco
indices SAR de vegetacao para as trés classes que representam as fitofisionomias do
Cerrado contidas no PNB. O nivel de separabilidade entre as classes estudadas tam-
bém foi analisado, com o propdsito de compreender como a sazonalidade climatica
influencia as distribuicbes espaciais dos indices SAR de vegetacdo no dominio tem-
poral.



3 FUNDAMENTAGCAO TEORICA

Neste capitulo sera apresentado um panorama dos indices de vegetagéo opticos
e SAR, além de explorar o estado da arte no uso conjunto destes indices. As segodes
estdo organizadas da seguinte maneira: primeiramente serdo abordados os indices
SAR de vegetacéo e suas especificidades. Os indices estudados estdo organizados
em duas categorias: 1) indices baseados no coeficiente de retroespalhamento e 2)
indices baseados no grau de polarizagao do sinal.

3.1 indices SAR de vegetacio baseados na polarizagdo do coefi-
ciente de retroespalhamento

Os indices apresentados a seguir sdo baseados na polarizagao do coeficiente de re-
troespalhamento. Estes estabelecem relagbes entre o sinal co-polarizado (VV ou HH) e
o sinal de polarizagao cruzada (VH ou HV) para prover informacdes sobre a vegetacao.
Suas formulagdes sdo analogas as formulagdes dos indices 6pticos, constituindo-se de
operacgobes aritméticas entre bandas radiometricamente calibradas de imagens SAR.

3.1.1 Radar Vegetation Index (RVI)

O indice RVI foi proposto por Kim e Van Zyl (2009) como um parametro sensivel
ao nivel de biomassa da vegetagao utilizando dados das quatro polarizagées (HH, HV,
VV e VH) na banda L. O indice baseia-se na modelagem da estrutura da vegetacéao
por uma colecado de dipolos com orientagao aleatéria e pode ser interpretado como
uma medida da aleatoriedade do sinal provocada pelo retroespalhamento volumétrico
dos alvos de vegetacao (ARII et al., 2010; KIM et al., 2012; SZIGARSKI et al., 2018;
MANDAL et al., 2020). Kim et al. (2012) constatou que o RVI apresenta boas cor-
relagdes com parametros biofisicos como conteudo hidrico da vegetacao (Vegetation
Water Content - VWC) e indice de area foliar (Leaf Area Index - LAl) e com o indice
NDVI.

Sua formulagao é dada pela Equacao 1. O indice varia entre 0 e 1, onde valores
proximos a zero representam superficies lisas e valores proximos a 1 representam
regides de vegetacao densa (KIM et al., 2012).

0
8><Ghv

RVI =
0 0
th + G\(})v +2 % CFhv

(1)



Szigarski et al. (2018) apontam que, em alguns casos, o RVI pode superestimar ou
subestimar o retroespalhamento volumétrico da vegetagao por se tratar de um indice
derivado em uma razao aritmética. Além disso, os autores constatam que os valores
derivados da formulagao original do RVI podem ultrapassar o valor de 1 devido a falta
de calibragao do fator multiplicativo 8 no numerador do indice.

Apesar dos avangos no aprimoramento do RVI, sua utilizagao se restringe a dados
com as quatro polariza¢des, geralmente obtidos na banda L. Dentro desse contexto,
diferentes autores trabalharam na simplificacdo do RVI para sua implementacdo em
dados de polarizagao dupla, principalmente da constelagao Sentinel-1.

Trudel et al. (2012) propéem uma implementagdo do RVI para dados com duas
polarizagdes. Tal proposigao parte da suposigdo que oy, ~ o,,, levantada por Char-
bonneau et al. (2005). Dessa forma, o RVI passa a ter a seguinte formulagao (Eq.
2). O estudo feito por Trudel et al. (2012), utilizando dados do satélite RADARSAT-2
(HH e HV) concluiu que essa simplificagdo € uma alternativa plausivel quando apenas
duas polarizagdes estao disponiveis, podendo ser considerada uma boa aproximagao
do retroespalhamento de superficie quando a interagédo entre o solo e a vegetagao é
desprezivel.

RVIdualfpol = GO—O (2)

Partindo do mesmo principio, Nasirzadehdizaji et al. (2019) propdem uma verséo
alternativa do dual-pol RVI, adaptando a formulagdo para sua implementacao a partir
dos dados do Sentinel-1 (VV e VH). Tal proposi¢cao € comumente referida como S1-RVI
(Eq. 3). O estudo reporta correlagdes positivas entre o S1-RVI e alturas de plantas
menores que 1.5 m (R? = 0.53) e cobertura do dossel maior que 75% (R? = 0.29),
evidenciando seu potencial para a estimativa da altura e do nivel de cobertura das
plantas.

0
4><th

RVIdual—pol = (3)

0 0
GVV + th



3.1.2 Dual Pol SAR Vegetation Index (DPSVI)

O DPSVI é um modelo matematico proposto por (PERIASAMY, 2018) com o ob-
jetivo de preencher uma lacuna de representagédo da vegetagao terrestre por meio de
indices de vegetacédo desenvolvidos a partir de dados da constelagdo Sentinel-1. O
indice é fundamentado na distribuicdo dos pixels de agua, solo e vegetagao no grafico
de dispersao dos coeficientes de retroespalhamento nas polaridades VV e VH (Figura

1),

0
O-UI?

Figura 1: Exemplo de distribuicdo dos pixels no grafico de dispersao entre oyy € oyy.
Fonte: (PERIASAMY, 2018)

O padrao de distribuicdo dos alvos no grafico de dispersao, aproximado por um
tridngulo, ocorre segundo o grau de polarizagdo (DOP) do sinal retroespalhado pelos
alvos terrestres. Na interagao entre o sinal transmitido pelo sistema sensor e o inte-
rior da vegetacgéo, ha a predominancia de retroespalhamento volumétrico. O alto grau
de aleatoriedade dessa interagéo leva a um maior grau de depolarizagéo do sinal e,
consequentemente, a um maior retroespalhamento na polaridade VH. Dessa forma,
os pixels da vegetagdo ocupam a parte superior do triangulo aproximado. Os corpos
d’agua, por serem superficies suaves ou ligeiramente rugosas, estao restritos a baixos
valores de coeficiente de retroespalhamento em ambas polarizagdes devido a predo-
minancia de retroespalhamento especular. Sendo assim, os pixels dos corpos d’agua



ocupam a por¢ao localizada no canto inferior esquerdo do triangulo aproximado.

Segundo Periasamy (2018), as regides de solo exposto tendem a n&o causar mu-
dangas significativas na polarizagao do sinal transmitido. Dessa forma, grande parte
do sinal retorna ao sensor na polaridade VV, devido a predominancia de retroespalha-
mento especular nessas regides. Com isso, os pixels de solo localizam-se na por¢ao
inferior a direita do triangulo aproximado.

Um importante conceito introduzido pela autora é o limiar solo-vegetacgéo (Figura
1) que tem origem no ponto de maximo valor de retroespalhamento de o,,. O valor do
limiar aumenta gradualmente de acordo com o aumento da distancia diagonal entre os
coeficientes de retroespalhamento, até chegar ao maximo valor de ,;,. Dessa forma, o
limiar solo-vegetacgéao representa o solo na faixa inferior e a vegetagao na faixa superior.

A formulagao do DPSVI (Eq. 4) € uma fungao dos parametros IDPDD, VDDPI e do
coeficiente de retroespalhamento na polarizagdo VH. Os valores do indice sdo mate-
maticamente normalizados e o valor resultante aumenta com o aumento da biomassa.

DPSVI = f(IDPDD,VDDPI, G,;)

0 0 0 0 0 02 0 0 0 0 02
o ((o X0, —0. X0 +0"")+ (0, X 0. +0 X 0o —O.
— Vi
D PSV I h(( vvmax vh vy vh vh ) ( vvmax vy vh vy vV )) 4
B \/5 x oY ( )
A%
onde
oV ... . maximo valor observado na polarizagéo VV;

o! : valor do pixel na polarizagéo VV;
th : valor do pixel na polarizagéo VH.

Na equacgao, o primeiro parametro é o chamado /nverse dual-pol diagonal distance
(IDPDD), que diferencia os alvos a partir da distancia diagonal inversa do limiar solo-
vegetacdo. Com isso, pequenas distancias diagonais representam o solo e, a medida
que a distancia aumenta, passa a indicar presencga de vegetacéao.

O segundo parametro € o chamado Vertical dual de-polarization index (VDDPI) que
distingue os alvos a partir da razdo entre a quantidade total de sinal transmitido e a por-
¢ao do sinal que retorna ao sensor na mesma polarizagao. Isto € equivalente a uma
estimativa do grau o qual a superficie depolariza o sinal transmitido. Dessa forma,
os alvos que ndao provocam a mudanca da polarizagao do sinal apresentam valores
pequenos, enquanto que os valores que depolarizam o sinal apresentam valores mai-
ores.



O terceiro parametro € o coeficiente de retroespalhamento na polaridade VH. Este
€ adicionado ao modelo com o objetivo de garantir o posicionamento adequado dos
alvos nas faixas de valores, assim como os indices 6pticos e outros indices SAR.

Segundo Periasamy (2018), os valores mais extremos do indice demonstram po-
tencial para a identificacdo de florestas. Contudo, de acordo com Nizalapur e Madu-
gundu (2010), a capacidade de penetragdo da banda C na vegetagao é de aproxima-
damente 1 metro, com saturagdo do sinal em regides de biomassa em torno de 60 a
70 ton./ha. Dessa forma, o valor dos pixels dessas regides pode nao representar a
totalidade da biomassa presente no territorio.

O indice foi testado em regides de culturas agricolas com vegetagdes densas e es-
parsas, apresentando fortes correlagbes com o NDVI (R?=0.749 para a estagéo seca e
R2=0.726 para a estagao chuvosa). Em relagao aos dados alométricos de biomassa, o
indice apresentou altos niveis de acuracia (R?=0.73 na estagao seca e R?=0.70 na esta-
¢ao chuvosa). Tais resultados indicam que o DPSVI é capaz de apresentar os mesmos
niveis de acuracia que indices opticos e SAR previamente desenvolvidos apenas com
duas polarizagdes (PERIASAMY, 2018). Por fim, a autora faz importantes recomen-
dagdes quanto a aplicagdo do DPSVI. A primeira recomendacgao é a de que o indice
deve ser aplicado apenas em imagens SAR com polarizagéo vertical (VV-VH) radio-
metricamente calibradas em escala linear. Além disso, o indice ndo é indicado para
regides com terreno extremamente ondulado, uma vez que a rugosidade do solo pode
afetar a diferenciacéo entre solo e vegetagao em fungdo dos mecanismos de retroes-
palhamento.

3.1.3 Modified Dual Pol SAR Vegetation Index (DPSVIm)

O indice DPSVIm foi proposto por Santos et al. (2021) como uma adaptagao do
DPSVI. As modificagdes propostas pelos autores objetivam representar vegetacoes
densas a partir de dados da banda C da constelacédo Sentinel-1. A primeira alteragao
proposta € a substituicdo do parametro IDPDD pelo parametro DPDD (Dual Polariza-
tion Diagonal Distance) (Eq. 5). Tal proposi¢céo baseia-se nas considerag¢des de Pe-
riasamy (2018), que apontam que o IDPDD tende a saturar em regides de biomassa
densa, indicando o DPDD como um indice mais sensivel a vegetagao densa.

0 0
cYVV + th

V2

DPDD = (5)

A segunda alteracéo proposta € a substituicdo do parametro VDDPI (Vertical dual
de-polarization index) pelo parametro CR (Cross Ratio) (Eq. 6). Segundo Santos et



al. (2021), o CR possui melhor capacidade de distinguir os pixels de vegetagao por
apresentar um comportamento exponencial em relagao ao VDDPI.

0
Oy
o (6)

CR =

Q
>

A formulagéo final do DPSVIm (Eq. 7) inclui o ovoh como fator de distingdo entre os
pixels de solo e corpos d’agua. O resultado € um indice matematicamente normalizado.
0 0 0
o,,+0 loj
% vh LU Ggh (7)

DPSVIm = —— —0

\/i th

A fim de analisar a sensibilidade do DPSVIm em representar vegetagdes densas,
comparou-se os resultados do indice com o NDVI e o EVI calculados a partir dos da-
dos do sensor Landsat 8. O mesmo procedimento foi realizado com o DPSVI. Dessa
analise constatou-se que o DPSVIm apresenta correlagcbes superiores com o NDVI e
o EVI em relagao ao DPSVI em fragmentos de Mata Atlantica. Além disso, o DPSVIm
apresentou correlagao e concordancia em relagao aos dados alométricos de biomassa,
modelados a partir de medi¢gdes em areas aproximadamente planas, sendo capaz de
distinguir pixels com biomassa de aproximadamente 50.0 Mg/ha.

Santos et al. (2021) apontam que os maiores valores de correlagao positiva ocorre-
ram nas estagdes secas dos anos hidrolégicos analisados, comportamento verificado
em todas as regides estudadas. Tal resultado € esperado, haja vista a sensibilidade
dos sensores SAR a umidade da superficie dos alvos. Os autores ainda apontam que
a influéncia das chuvas ao longo do ano hidrolégico insere incertezas na performance
do DPSVIm, resultando em menores correlagdes na estagao chuvosa. Outro ponto
discutido é a variagao de performance do indice relacionada a escala de analise. Os
autores estabelecem que a correlagao entre o DPSVIm e os indice 6pticos aumenta
de acordo com o0 aumento da escala, isto é, diminuicdo na area analisada.

3.2 indices SAR de vegetacido baseados no grau de polarizacido
do sinal retroespalhado

Os indices apresentados a seguir baseiam-se no grau de polarizagao (DOP) do
sinal retroespalhado, expresso pela razdo entre a energia polarizada e a energia total
transmitida pelo sensor. O DOP pode medir o retroespalhamento volumétrico da vege-
tacdo com menor influéncia topografica do que os coeficientes de retroespalhamento
com polarizagao cruzada (CLOUDE; POTTIER, 1997).



3.2.1 Polarimetric Radar Vegetation Index (PRVI)

O indice PRVI foi proposto por Chang et al. (2018) com o objetivo de se obter um
indicador de biomassa de vegetag¢des arbustivas por meio de dados SAR. Conceitu-
almente, a formulagdo do PRVI (Eqg. 8) baseia-se no grau de polarizagao (DOP) de
ondas parcialmente polarizadas e no coeficiente de retroespalhamento de polarizagéao
cruzada (CHANG et al., 2018).

PRVI = (1-DOP) x oy, (8)

onde

1 —DOP : porgao nao-polarizada do sinal transmitido, considerada uma representa-
¢ao da componente de retroespalhamento volumétrico dos alvos (RANEY et al., 2012).

G)E)y . coeficiente de retroespalhamento de polarizagao cruzada.

A combinagao entre DOP e Gxoy € baseada nos seguintes fatores (CHANG et al.,
2018): 1) a diferenga de sensibilidade & biomassa entre DOP e ¢!, evidenciada por
(CHANG; SHOSHANY, 2017); 2) a utilizacdo do G)‘Qy para a reducao na ambiguidade
do retroespalhamento entre solo exposto e vegetagdes arbustivas esparsas; 3) a mo-
deracgao do efeito de retroespalhamento direto de og?y para densidades de vegetagao
arbustiva médias e altas pelo uso do DOP. Dentro deste contexto, Yadav et al. (2021)
advertem que o termo de polarizacdo cruzada pode ser responsavel por evidenciar
uma saturagao do coeficiente de retroespalhamento e falsamente apresentar altos ni-
veis de retroespalhamento mesmo quando a vegetacédo nao esta desenvolvida.

Chang et al. (2018) conduziram uma analise empirica de correlagdes entre a bi-
omassa modelada a partir do NDVI (Landsat TM) e os dados dos sensores ALOS-
PALSAR 2 (banda L) e Sentinel-1 (banda C). Os resultados das analises de regres-
soes lineares simples e multiplas mostram que os dados do Sentinel-1 apresentam
baixa correlagdo com a biomassa de vegetagdes arbustivas modeladas a partir do
NDVI, supostamente em razdo de uma penetragdo mais rasa na vegetagéo arbustiva
comparada aos dados da banda L.

No estudo original, os autores implementam o PRVI utilizando o DOP calculado a
partir da Matriz Modificada de Mueller com parametros de Stokes, utilizando dados
com as quatro polarizagbes (HH, HV, VV, VH) do sensor ALOS/PALSAR-2. A polari-
zacao HV foi utilizada como parametro de retroespalhamento de polarizagao cruzada.
Os resultados indicam que o PRVI apresenta baixa variagdo em fungao do angulo de
incidéncia em comparagao com o RVI, sendo um modelo mais adequado para estudos
de vegetacdes arbustivas em regides com alta heterogeneidade topografica. Da ana-
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lise de correlagdo do PRVI com a biomassa modelada a partir do NDVI, os resultados
sugerem que ha boa concordancia em regides de densidade de vegetacéo arbustiva
moderadas e altas, enquanto que ha uma superestimativa em regides de vegetacao
esparsa. Contudo, os autores advertem que o PRVI pode ser usado apenas como uma
estimativa generalizada de biomassa para amplas zonas de transicdo entre ambientes
aridos e semi-aridos, carecendo de testes que abordem a variabilidade sazonal.

Considerando o modelo conceitual do PRVI, é possivel implementa-lo com os da-
dos do Sentinel-1. Mandal et al. (2020) mostram que calculo do DOP pode ser realizado
utilizando-se a formulacéo de Barakat (1977) (Eq. 9) para dados de polarizagao dupla
(HH-HV ou VV-VH).

| 4xdet([Gy))
DOPy, = \/ 1 TracelGo)) (9)

onde
C,: Matriz de covariancia 2x2.

Com isso, a formulagao do PRVI para os dados do Sentinel-1 passa a ser dada pela
Equacdo 10. E importante destacar que a implementacdo do DpPRVI apenas adapta
a forma como os paradmetros do indice sédo calculados de modo a permitir o uso de
dados de polarizagéo dual.

PRV Isensinei—1 = (1—DOP ;) x 64, (10)

3.2.2 Dual-Pol Radar Vegetation Index - (DpRVI)

O indice foi proposto por Mandal et al. (2020) para o monitoramento de culturas
agricolas a partir dos dados da constelagdo Sentinel-1. Este utiliza o grau de polariza-
¢ao do sinal (DOP) e informagdes do espectro de autovalores (A) derivadas da matriz
de covariancia C, para medir a aleatoriedade do sinal retroespalhado. Para os dados
de polarizacéo dupla o DOP é equivalente a anisotropia, métrica que quantifica a forca
relativa entre o primeiro e o segundo mecanismo de retroespalhamento dominantes
(MANDAL et al., 2020). A ordem de retroespalhamento aumenta com o avango dos
estagios fenoldgicos das plantas, com consequente decrescimento do DOP em fungéo
do aumento do retroespalhamento volumétrico (MANDAL et al., 2020).

A principal caracteristica do DpRVI é a abordagem da dominancia de mecanismo de
retroespalhamento. A informacgao é derivada dos dois autovalores positivos (4] > A, >
0) obtidos da decomposicéo propria da matriz de covariancia C, normalizados pela
amplitude do sinal transmitido (A; + 4,). Para o caso de apenas um mecanismo de
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retroespalhamento dominante no pixel 1; > A, (MANDAL et al., 2020). Partindo desse
principio, os autores propdéem a utilizagdo do parametro 8 (Eq. 11) como medida de
dominancia do mecanismo de retroespalhamento. Em termos gerais, o parametro 3
indica a contribuicdo do mecanismo de retroespalhamento dominante no total do sinal
retroespalhado.

B M+ A

B (11)

A formulacéo do DpRVI (Eqg. 12) é similar a do PRVI. Contudo, no DpRVI o DOP é
modulado por meio de um produto com a informagao do mecanismo de retroespalha-
mento dominante, ao passo que no PRVI é utilizado o coeficiente de retroespalhamento
na polarizagéo cruzada para esse fim. A aleatoriedade do retroespalhamento é entao
obtida pela subtragdo do produto DOP x B de um fator unitario. Segundo Mandal et
al. (2020), o principal motivo de combinar o DOP com 3 é a diferenga de sensibilidade
desses parametros a dindmica de crescimento de culturas agricolas onde, apesar de
apresentarem tendéncias analogas, estes variam em faixas de valores distintas em
diferentes estagios fenologicos. Em resumo, o DpRVI pode ser considerado uma me-
dida da aleatoriedade do retroespalhamento em que, quanto maior é a aleatoriedade,
maior a influéncia do retroespalhamento volumétrico e maior é a influéncia da vegeta-
¢ao no pixel.

DpRVI=1—(DOP xB), 0<DpRVI<]1 (12)
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4 PARTE I - Analise de decomposicao polarimétrica e
coeficiente de retroespalhamento (c?)

Nesta secao serdo apresentadas as analises e interpretacdées de dados derivados
de decomposic¢ao polarimétrica dual-pol H-alpha e coeficiente de retroespalhamento
(69). Primeiramente, foi realizada anélise temporal dos parametros polarimétricos en-
tropia e angulo alfa. A analise desses parametros polarimétricos teve como objetivo
retratar como os mecanismos de espalhamento e a aleatoriedade do sinal de radar fo-
ram afetados pelo regime de sazonalidade no Parque Nacional de Brasilia. A andlise
polarimétrica compreende a plotagem e interpretagdo do grafico de dispersao H-alfa
e dos perfis temporais da mediana espacial e valores de IQR. A analise de retroespa-
Ihamento foi realizada para saber como a resposta de intensidade SAR-C as classes
vegetacodes foi afetada pelo regime de chuvas no PNB. A analise combinada dos pa-
rametros polarimétricos e de intensidade foi feita para embasar o entendimento dos
resultados da analise dos indices de vegetagcdo SAR.

4.1 Area de estudo

A area de estudo compreende o Parque Nacional de Brasilia (PNB), localizado no
Distrito Federal (Figura 2). Com éarea aproximada de 30.000 ha, o parque é consi-
derado um importante sitio de pesquisa e conservagéo, pois abrange as principais
fitofisionomias encontradas no cerrado (SANO et al., 2005). De acordo com o mapa
da cobertura do Cerrado de 2020, produzido pelo MapBiomas em escala 1:100.000, as
fitofisionomias presentes area de estudo sdo Formacao Florestal, Formacao Savanica
e Formagao Campestre.

A classe Forest (FT) diz respeito a vegetagao de matas de galeria, com predo-
minancia de espécies arbdreas que formam um dossel continuo ao redor dos cursos
d’agua do PNB. A classe Savanna (SV) é constituida por arvores dispersas e arbustos,
formando um dossel descontinuo sobre um estrato herbaceo. Ja a classe Grassland
(GL) é dominada pelo estrato herbaceo com presenga em baixas proporgdes de ar-
bustos e subarbustos.

4.2 Dados SAR e preprocessamento

Para a composigédo da série temporal de dados SAR, foram utilizados os produ-
tos Level-1 GRD (Ground Range Detection) e Level-1 SLC (Single Look Complex) da
constelagao Sentinel-1 (ESA). Os satélites dessa constelagdo operam na banda C,
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Figura 2: Regido de estudo.

com frequéncia central de 5.4 GHz (A =~ 5.54cm), adquirindo imagens nas polarida-
des VV e VH sob o modo IW (Interferometric Wide Swath). A aquisicdo das imagens
utilizadas neste trabalho foi feita em 6rbitas descendentes em faixas de 250 km com
resolucao espacial de 5 m (diregao transversal) x 20 m (dire¢do azimutal) e &ngulos de
incidéncia que variam entre 29.1° e 46.0°. Os dados foram adquiridos gratuitamente
pelo portal da Alaska Satellite Facility, cobrindo o periodo de janeiro de 2017 a dezem-
bro de 2021.

Os produtos SLC e GRD foram submetidos a rotinas de preprocessamento auto-
matizadas (Figura 3), de modo a preparar os dados para o processamento dos indices
SAR de vegetagao e para analises preliminares de entropia, angulo alfa e coeficiente
de retroespalhamento. Todos os procedimentos foram executados em lote, por meio
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de scripts em linguagem Python utilizando a biblioteca snappy.

Radiometric

GRD Apply Orbit File | Subset 1 Calibration

A

Sigma0 VH Terrain o
Sigma0 VV Correction «—| Speckle Filtering

SLC Deburst - Subset |  Multilooking

\J

Entropy Terrain H-alpha dual-pol Polarimetric
Alpha Angle Correction 1 decomposition [*7| Speckle Filtering

Figura 3: Rotina de preprocessamento automatizada dos produtos GRD e SLC.

As principais metodologias de decomposigao polarimétrica sao Van Zyl (ZYL, 1989),
Yamaguchi (YAMAGUCHI et al., 2005), Freeman-Durden (FREEMAN; DURDEN, 1998)
e Cloude-Pottier (CLOUDE; POTTIER, 1997). Contudo, tais métodos necessitam de
dados com as quatro polarizagdes, ndo sendo possivel sua implementagao para dados
dual-pol do Sentinel-1. O software SNAP fornece a opg¢ao de processar a decompo-
sicdo polarimétrica H-alpha (CLOUDE; POTTIER, 1997) para dados de dupla polari-
zacao, sendo esta utilizada neste estudo para derivar as informagdes de entropia e
angulo alfa.

Para o processamento da decomposicao polarimétrica H-alpha, o primeiro passo
foi a selegao dos swaths e bursts que interceptam a ragido de estudo com a biblioteca
Python STSA e o operador TOPS Split. Os arquivos vetoriais de orbita foram atuali-
zados e em seguida as imagens passaram pelo processamento de deburst, multilook
com 4x1 nas diregcdes range e azimuth e entdo recordadas para a extensao do PNB.
A filtragem de ruido speckle foi executada por meio do filtro polarimétrico Refined Lee
com uma janela de convolugao de 3x3. Sequentemente, o processamento da decom-
posicao polarimétrica H-alpha foi executada e o georreferenciamento dos resultados
foi corrigido com o operador Range Doppler Terrain Correction. O produto final de
cada imagem foi um arquivo Geotiff contendo as informagdes de entropia, anisotropia
e angulo alfa, com pixels re-amostrados de 10m.
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Para o processamento dos coeficientes de retroespalhamento 6, e o0, 0 primeiro
passo foi atualizar os arquivos vetoriais de 6rbita dos produtos GRD. Em seguida, as
imagens foram recortadas para a extensao territorial do PNB. A calibragdo radiomé-
trica foi entdo processada para os dados de amplitude das polarizagées VV e VH. Em
sequéncia, a filtragem de ruido speckle foi executada utilizando o filtro Refined Lee
com uma janela de convolugao de 3x3. Por fim, o georreferenciamento das imagens
foi corrigido pelo operador Range Doppler Terrain Correction. O produto final de cada
imagem foi um arquivo Geotiff contendo o, € oy,;, com pixels de 10m expressos em
escala linear.
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4.3 Analise de decomposicao polarimétrica dual-pol H-

Os graficos de dispersao para as estagdes umida e seca (Figure 4) sugerem que as
trés classes de vegetagao apresentam aproximadamente os mesmos niveis em termos
de entropia e angulo alfa. Todas as classes ocupam diferentes zonas do grafico que
cobrem regides de baixa, média e alta entropia, enquanto suas regides mais densas
ocupam a mesma Zona 4 em ambas estagdes. As mudancgas no retroespalhamento
a partir da estagao seca para a umida foram observadas principalmente com desloca-
mentos das regides mais densas das classes para regides de entropia e angulo alfa
ligeiramente maiores. A amplitude dos deslocamentos foi maior na classe Grassland,
seguida de Savanna e Forest, respectivamente.

Os deslocamentos observados entre as estagdes sdo provavelmente conduzidos
pelas mudancgas estruturais nas vegetagdes das classes, em fungado dos efeitos da
sazonalidade das chuvas e da interferéncia da precipitacdo no sinal retroespalhado.
A vegetacao da classe Forest ndo muda significativamente ao longo das estagdes
devido a sua condi¢ao perene, refletindo em deslocamentos menores observados nos
graficos de dispersdo. O mesmo ocorreu na classe Savanna em fungéo da presenca de
agrupamentos de arvores em seu dominio territorial. Contudo, a presenca de arbustos
e gramineas dentro da classe provavelmente balanceia a resposta média da classe.
Em contraste, a vegetacéo da classe Grassland apresentou os maiores deslocamentos
de sua regido mais densa no grafico de dispersdo. Tal nivel de deslocamento se deu
provavelmente pela alta influéncia da sazonalidade de chuvas na vegetacado graminea
e pela influéncia da umidade do solo no sinal retroespalhado nessas regioes.

Os deslocamentos observados em todas as classes nao foram suficientes para
mudar o modo em que a vegetagao retroespalha o sinal da banda C, isto €, mudar
as zonas ocupadas no grafico de dispersao. Neste estudo, todas 149 cenas foram
adquiridas sob a mesma o6rbita descendente, com um angulo de incidéncia médio de
38.14°. Resultados reportados por Weil3 et al. (2021) sugerem que, em uma série
temporal, as variagdes nos mecanismos de retroespalhamento de dados SAR de dupla
polarizagao sao principalmente conduzidas pelo angulo de incidéncia. Em um angulo
de incidéncia médio de 35° em o6rbita descendente, variagbes mais pronunciadas de
entropia e angulo alfa foram observadas entre diferentes zonas do grafico de dispersao
do que para um angulo de incidéncia médio de 43°. Tais resultados referem-se a
diferentes estagios fenologicos de plantacdes de trigo de inverno na Bavaria, Sul da
Alemanha.

E importante destacar que a comparacéo direta entre culturas de trigo e fitofisiono-
mias de Cerrado € dificultada devido as diferengas nos ciclos fenolégicos de ambas
vegetacdes. Os estagios fenoldgicos das culturas de trigo de inverno se desenvolvem
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Figura 4: Graficos de dispersdo H-a das classes nas estagbes umida e seca. Os
exemplos da estacdo umida referem-se a 02/01/2019, e da estagao seca referem-se
a 19/06/2019. A divisdo das zonas baseia-se na segmentacao proposta por Ji e Wu
(2015).

em poucos meses, do perfilhamento ao amadurecimento (WEIR et al., 2021). No fim
desse ciclo, as culturas s&o colhidas, mudando completamento o comportamento de
retroespalhamento das areas cultivadas. Por outro lado, o ciclo fenolégico das classes
de vegetacao de Cerrado dentro do PNB é sazonal, sem a perda de cobertura vegetal
e com manutencado de um alto volume de componentes estruturais ao longo dos anos.
Portanto, as classes de vegetacao do PNB sdo menos sensiveis as variagdes dos me-
canismos de retroespalhamento do que culturas agricolas como as de trigo. Esta é
também uma possivel explicagdo para os resultados apresentados na Figura 4, para
além da influéncia do angulo de incidéncia nas cenas.

A analise do comportamento temporal da entropia e do &ngulo alfa para dados de
dupla polarizacao foi conduzida para conhecer como as classes de vegetacao estuda-
das retroespalham o sinal da banda C do Sentinel-1 ao longo das estagdes. Contudo,
essa analise é dificultada uma vez que as zonas que definem os mecanismos de re-
troespalhamento no grafico de dispersao H-a apresentam alta sobreposi¢ao devido a
falta de co-polarizagdo em dados de dupla polarizagao (JI; WU, 2015). Com isso, as
zonas do grafico de dispersao distinguem até certo ponto apenas zonas de entropia
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baixa, média e alta, ndo discriminando bem zonas de retroespalhamento de superficie,
dipolo e retroespalhamento multiplo (JI; WU, 2015). Nesse caso, a distingdo exata e
detalhada dos mecanismos de retroespalhamento sobre as classes esta além do es-
copo da informacé&o obtida a partir de dados SAR de polarizagéo dupla, como também
esta além do escopo deste estudo. N&o obstante, perfis temporais de entropia e angulo
alfa foram produzidos como indicadores de primeira ordem das variagdes sazonais no
retroespalhamento das classes. Tais perfis configuram um conhecimento-base para a
interpretacao dos perfis temporais dos indices SAR de vegetacgéo.

Os perfis temporais de entropia e angulo alfa (Figure 5) ilustram as diferencas das
classes em relacao aos efeitos da sazonalidade na aleatoriedade do sinal de radar e
nos mecanismos de retroespalhamento. Em geral, as curvas de mediana de ambos
parametros polarimétricos aumentaram em meio a uma tendéncia crescente que tipi-
camente terminava em meados das estagcbes umidas. Em seguida, uma tendéncia
decrescente foi observada de forma recorrente entre a segunda metade das estagdes
umidas e a primeira metade das estacdes secas. Tal tendéncia baixava as medianas
de todas as classes a aproximadamente o mesmo patamar de valores. Este padréo de
comportamento sazonal das curvas de mediana foi observado em todas as trés clas-
ses, onde estas se desenvolveram em forma de sino (cdncava nas estagbes umidas
e convexa nas estacdes secas). Este padrao se repetiu em todos os anos analisados
em funcdo de mudancas da cobertura do solo despreziveis no PNB.

A classe Forest apresentou um desenvolvimento temporal quase constante, man-
tendo os menores valores medianos de entropia e angulo alfa observados dentre as
trés classes em todos os anos analisados. A estabilidade no comportamento temporal
das classes ocorreu possivelmente devido a condi¢gdo perene de sua cobertura vege-
tal, uma vez que a estrutura vegetativa ndo muda significativamente ao longo do tempo
e possui altas taxas de umidade relativa abaixo do dossel em funcédo da proximidade
a corpos d’agua.

A classe Savanna mostrou um comportamento temporal similar a classe Forest,
porém com variagées mais pronunciadas em uma faixa de valores de entropia e an-
gulo alfa intermediaria. A classe apresentou ainda uma diferenga significativa entre as
estacdes, onde ambos parametros polarimétricos foram maiores nas estagdes umidas
do que nas estagbes secas. Este comportamento observado ocorreu possivelmente
devido a presencga misturada de agrupamentos de arvores, arbustos e gramineas den-
tro da extensao territorial da classe. Portanto, sua resposta geral foi provavelmente
balanceada proporcionalmente a area coberta por cada tipo de vegetacao.

A classe Grassland apresentou o padrao sazonal mais claro dentre as trés classes,
variando com os maiores valores de mediana observados ao longo dos anos. Além

19



0.90 80
0.851 70
r60 g
>.0.801 leq €
o 50—
g 0-75‘WWWWW-4O %
c
L ()]
W 0.70+ 302
r20°®
0.651 l10
060 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 0
% 8%, %y %, %% R % o %, 06,90, T, Ty 06, %0 R B %, T, %0 R % 0 o Yy %, %,

35.0 80
32.51 70
‘w 30.04 t60E
227.5; ‘ l50E

(]
f’é 25.01 402
< 2251 | \ 1303
82 I } Il 1308
< 20.01 r20'®
17.51 10
15.0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 0
R R R R e X R A e e R e R R R R R A N
| | | | | |
| | I I I 1
2017 2018 2019 2020 2021
= Forest Savanna Grassland Wet season Dry season

Figura 5: Perfis temporais de entropia e angulo alfa (em graus) das classes de ve-
getacdo do PNB. As linhas representam a mediana espacial em cada data da série
temporal. Os poligonos que envolvem as linhas de mediana indicam o intervalo in-
terquartil (IQR) das distribuigdes espaciais de cada data. As barras azuis ao fundo
representam a quantidade de precipitacao medida no mesmo dia da aquisi¢ao da ima-
gem, na estagao pluviométrica da Represa Santa Maria.

disso, a classe apresentou a maior diferenga entre as medianas das estagdes umidas
e secas. Ambos valores de entropia e angulo alfa foram notavelmente maiores nas
estacdes umidas do que nas estagdes secas, evidenciando a forte influéncia da sazo-
nalidade das chuvas na vegetagao da classe.

A influéncia da sazonalidade na entropia e angulo alfa das classes foi observado
também em termos da resposta desses parametros em relagcédo a precipitagdo. Nas
estacdes umidas, ambos parametros demonstraram sensibilidade a precipitacao, feno-
meno observado como picos nos dias chuvosos (Figure 5). A amplitude dos desloca-
mentos das medianas foi diferente para cada classe e data, onde a classe Grassland
apresentou as maiores amplitudes dos picos, seguida de Savanna e Forest, respec-
tivamente. A amplitude dos picos variou ao longo do tempo, seguindo as tendéncias
tipicas de cada estagcdo. Em cada pico, é possivel observar que as curvas de mediana
das classes estavam mais distantes entre si, sugerindo um aumento na separabilidade
entre as classes.

Outra influéncia nas curvas de entropia e angulo alfa pode ter sido as mudangas na
estrutura vegetal em funcéo da sazonalidade. O volume de precipitagdo nas estagdes
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umidas aumenta a umidade do solo, que leva a rebrota de componentes vegetativos
como folhas e galhos (SARMIENTO; MONASTERIO, 1983). A rebrota desses compo-
nentes aumenta a complexidade da estrutura vegetal, que leva ao aumento nos niveis
de entropia e angulo alfa. Portanto, a tendéncia de aumento do inicio ao meio das esta-
¢des umidas pode ser resultante das mudangas na estrutura vegetal das classes. Em
contraposigao, a perda de componentes vegetais principalmente nas estagdes secas
leva a um decréscimo na complexidade da cobertura vegetal, diminuindo os niveis de
entropia e angulo alfa. Nesse contexto, menores niveis de entropia, tipicamente obser-
vados em estagdes secas, indicam menor despolarizagao do sinal de radar (HARFEN-
MEISTER et al., 2021) do que nas estag¢des chuvosas. Tal efeito € mais pronunciado
gquando menor é o nivel de biomassa das classes, sendo a classe Grassland a mais
influenciada por este efeito, seguida por Savanna e Forest, respectivamente.

A partir dos resultados supracitados, é possivel inferir que a precipitacdo e as mu-
dangas estruturais na vegetacdo s&o os principais condutores da resposta temporal
da entropia e do angulo alfa. Nesse contexto, a precipitacdo conduz principalmente os
picos de ambos parametros. Por outro lado, o formato das curvas pode estar atrelado
com as mudangas estruturais da vegetacdo das classes em fung¢ao da influéncia do
regime de chuvas em seus ciclos fenologicos. Com isso, a magnitude das variagdes
das medianas pode ser uma expressao do quanto o sinal de radar muda na interagao
com a vegetagao das classes em fungéo da influéncia da sazonalidade.

Nas séries temporais de ambos parametros, a faixa de valores do IQR foi similar
para todas as trés classes. As distribuicdes espaciais de entropia das classes perma-
neceram em niveis baixos e médios ao longo de todos os anos analisados (0.66 < H <
0.88). Este comportamento temporal sugere que os efeitos da sazonalidade nas clas-
ses apenas deslocam as distribuicdes espaciais, ndo modificando significativamente a
dispersao das distribuigdes ao longo do tempo. As faixas de valores de IQR das clas-
ses também denotam um alto grau de sobreposigédo entre as distribuicdes espaciais
de ambos parametros, indicando baixa separabilidade entre as classes apesar da in-
fluéncia da sazonalidade. Tais observagdes sugerem que a sazonalidade nao impacta
significativamente a aleatoriedade do sinal de radar na interagdo com a vegetacéo das
classes estudadas. A persisténcia dos niveis observados de entropia também indica
qgue a aleatoriedade do sinal de radar € menos sensivel aos efeitos das condigcbes am-
bientais do local de estudo (KIM; ZYL, 2001).

As distribuigdes espaciais do angulo alfa permaneceram em baixos niveis em to-
dos os anos analisados (23.0°< o <32.5°). Tais niveis indicam uma maior porgao de
retroespalhamento de superficie no total retroespalhado pelas vegetacao das classes
(HARFENMEISTER et al., 2021). Uma possivel explicacdo é o fato de que a rugosi-
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dade da superficie e a camada de folhas tém maior contribuigdo no retroespalhamento
total em um angulo de incidéncia médio maior (38,14°), o que reduz os efeitos da con-
tribuicdo do retroespalhamento volumétrico no total retroespalhado (MANDAL et al.,
2020).

Em suma, a analise da entropia e do angulo alfa indica que a sazonalidade afeta o
mecanismo de retroespalhamento e a aleatoriedade do sinal medido para as classes,
de forma inversamente proporcional ao nivel de biomassa. Contudo, a influéncia da
sazonalidade apenas desloca as distribuigcdes espaciais para patamares de valores de
entropia e angulo alfa ligeiramente mais altos. Além disso, as curvas de ambos pa-
rametros mostraram um comportamento onde as distribuicdes espaciais das classes
estiveram altamente sobrepostas ao longo de toda série temporal. Portanto, as trés
classes estudadas provavelmente nao sao bem diferenciadas entre si no dominio es-
pacial com base nesses parametros polarimétricos. As diferencgas entre as classes séo
percebidas pela amplitude de suas variagbes em funcédo da sazonalidade das chuvas.
Tal comportamento temporal pode ser compreendido como a taxa de variagao do sinal
da banda C sobre a vegetagao das classes ao longo das estagdes.

4.4 Analise dos coeficientes de retroespalhamento oy e oyy

Para a compreensao da intensidade da resposta de retroespalhamento das clas-
ses de vegetacgéao, perfis temporais de oyy e oyy foram construidos (Figure 6). As
curvas de mediana de ambas polarizagées mostraram um comportamento temporal
diretamente proporcional ao nivel de biomassa das classes, onde a classe Forest apre-
sentou 0s maiores valores de mediana, seguido por Savanna e Grassland, respectiva-
mente. As curvas de todas as classes se desenvolveram em formato aproximado de
sino, indicando um padrao sazonal claro. Dentro deste padrdo, as medianas de am-
bos oyy € oyy aumentaram nas estacées umidas e decresceram nas estacdes secas.
As variagbes em VH e VV foram caracterizadas por tendéncias crescentes que recor-
rentemente alcangaram seu pico em meio as estagdes umidas, seguidas de tendéncia
decrescentes que comumente findaram em meio as estagdes secas.

Tais observagdes evidenciam a sensibilidade do sinal de banda C do Sentinel-1
a diferentes niveis de biomassa vegetal. Contudo, estes resultados contrastam com
os resultados reportados por Frison et al. (2018). Os autores nao observaram varia-
¢Oes sazonais em areas cobertas por arvores deciduas (Carvalhos) na polarizagéo VV,
enquanto observaram variagdes no perfil temporal da polarizacdo VH. Os padrdes sa-
zonais de sua area de estudo foram observados apenas nos perfis de Razao Cruzada
(VVIVH), como resultado do decréscimo no retroespalhamento em VH na primavera e
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Figura 6: Perfis temporais dos coeficientes de retroespalhamento oy € oyy das classe
em escala linear. As linhas representam a mediana espacial em cada data da série
temporal. Os poligonos que envolvem as curvas de mediana representam o IQR das
distribui¢gdes espaciais em cada data. As barras azuis indicam a quantidade de preci-
pitacdo medida no mesmo dia da aquisi¢ao das imagens, na estagao pluviométrica da
Represa Santa Maria.

no comportamento estavel e aproximadamente constante em VV. Os autores também
reportam auséncia de padrdes sazonais no retroespalhamento observado em areas
de coniferas (Pinhos).

Na série temporal, as faixas de intervalo interquartilico para VH e VV foram dife-
rentes em relagcdo ao nivel de biomassa das classes. A classe Forest apresentou as
distribui¢des espaciais mais dispersas, seguida de Savanna e Grassland, respectiva-
mente. Tais observagdes sugerem que, quanto menor € o nivel de biomassa da classe,
mais homogénea ¢é a distribuicdo espacial dos coeficientes de retroespalhamento. O
desenvolvimento temporal do IQR também sugere que a influéncia da sazonalidade
apenas desloca as distribuicdes espaciais, ndo afetando significativamente sua dis-
persao ao longo do tempo. Além do mais, as distribuicbes espaciais das trés classes
apresentam baixa sobreposi¢cao nas estacées secas. Por outro lado, as distribuicdes
aumentam a sobreposicado nas estagdes umidas, especialmente em dias chuvosos.

A variagao na intensidade de retroespalhamento no decorrer das estagdes pode ser
explicado pela variagao na contribuicao do solo e da vegetagao no total retroespalhado,
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assim como as mudangas na estrutura vegetativa e seu conteudo hidrico (HARFEN-
MEISTER et al., 2019). A contribuicao da vegetacéo e do solo s&o proporcionais ao
nivel e a densidade de biomassa de cada classe, e sao responsaveis pela amplitude
das variacdes nos coeficientes oyy € oyy. Nesse caso, quanto menor € o nivel de
biomassa da classe, maior € a contribuicao do solo no total retroespalhado e maior &
a amplitude das variagbes. Por outro lado, as mudancgas na estrutura vegetativa e no
conteudo hidrico foram responsaveis pelo formato das curvas de mediana, isto €, as
tendéncias sazonais. Com isso, as mudancas estruturais da vegetacao sao respon-
saveis pelas tendéncias sazonais e a precipitacao é responsavel pelos picos na série
temporal.

O comportamento temporal de retroespalhamento da classe Forest apresentou a
menor amplitude das variagdes, onde as medianas de ambas estacbes umidas e se-
cas em BH e VV foram similares. Este comportamento pode estar atrelado com o alto
nivel de biomassa da cobertura vegetal perene dentro da classe ao longo do tempo.
Isso se da pela auséncia de mudancgas estruturais significativas e auséncia de con-
tribuicdo do retroespalhamento do solo devido a altura das arvores e sua densidade
de biomassa. Como reportado por Nizalapur e Madugundu (2010), o sinal de banda
C retroespalhado para o sensor tende a saturar com o aumento da biomassa, nao
sendo capaz de penetrar mais a fundo em coberturas vegetais de niveis de biomassa
de aproximadamente 70 tons/ha. Consequentemente, a saturacido do sinal da banda
C na classe Forest limita a interacdo do sinal com folhas e pequenos galhos na porgéo
superficial da cobertura vegetal densa (sub-bosque). Nesse caso, a resposta de re-
troespalhamento para a vegetacao da classe Forest foi primariamente conduzida por
mudancgas nas propriedades dielétricas da por¢ao superficial da cobertura vegetal.

A classe Savanna apresentou variagdes significativas ao longo do tempo em am-
bas curvas de mediana de VH e VV, com clara diferenga entre as estacbes umidas e
secas e amplitudes de variacdo maiores do que a classe Forest. A resposta de retro-
espalhamento mista de arvores, arbustos e gramineas dentro de seu dominio espacial
pode levar a valores de mediana persistentes em uma faixa intermediaria ao longo do
tempo. Isso se da pela influéncia do retroespalhamento do solo, principalmente em
regides com predominancia de arbustos e gramineas. O mesmo ocorre em regides
com predominancia de agrupamentos de arvores, porém a predominancia de arbustos
e gramineas pode balancear as distribuicdes espaciais da classe no tempo.

Para a classe Grassland, as variagdes temporais foram as maiores em amplitude
para ambas polarizagdées VH e VV, com medianas das esta¢des umidas e secas cla-
ramente diferentes em fungdo das mudancgas sazonais na umidade do solo, estrutura
vegetal e conteudo hidrico. A razdo primaria da variagdo nas amplitudes observa-

24



das para a classe pode ter sido a contribuicdo do retroespalhamento do solo nessas
regides. A predominancia de gramineas foram mais afetadas pela atenuagao do si-
nal em VV, devido a contribuicdo direta da rugosidade do solo, umidade do solo e o
crescimento vertical de estruturas das plantas (HARFENMEISTER et al., 2019). Tais
observacdes contrastam com os resultados de Frison et al. (2018), que observaram
auséncia de influéncia sazonal nas variagdes do retroespalhamento na polarizagao
VV sobre diferentes estagios de crescimento de pinhos e carvalhos a um angulo de
incidéncia médio de 40°.

Nas datas chuvosas, as variagcdes na mediana das classes foi observada como pi-
cos na série temporal. Os picos mudaram a resposta de retroespalhamento das clas-
ses por aumentar os coeficientes a aproximadamente o mesmo patamar. O aumento
na intensidade do sinal elevou as medianas das classes a um ponto de saturagao co-
mum, que foi aproximadamente 0.20 na polaridade VV e 0.06 na polaridade VH. As
distribui¢cdes espaciais nessas datas apresentaram altas sobreposigdes, indicando que
a precipitacao degrada a separabilidade das classes. Isto ocorreu possivelmente de-
vido a saturagéo da banda C em fungao do aumento do conteudo hidrico na vegetagéo.
Contudo, em outras datas chuvosas, a precipitagdo ndo mudou significativamente as
distribui¢cdes espaciais das classes, possivelmente devido a diferenga entre o momento
de aquisicdo da imagem e o momento da precipitagdo no mesmo dia. Além disso, a
distribuicdo desigual da precipitacdo na area de estudo pode também ter sido um fator
responsavel por essas observacdes, com uma diferenca entre a precipitacdo medida
na estacao pluviométrica e a precipitacao interceptada pela vegetacao e a superficie
do solo (FRISON et al., 2018).

No processo de analise, foi assumido que o angulo de incidéncia foi constante ao
longo do tempo. Com isso, as variagdes temporais no retroespalhamento das clas-
ses podem ser atribuidas as mudangas nas caracteristicas estruturais da vegetagao e
nas condi¢des de umidade da vegetacado e do solo (KELLNDORFER, 2019). Conse-
guentemente, as curvas das polaridades VH e VV para todas as classes sugerem que
diferentes contribuicdes dominam o retroespalhamento durante as estagdes. Nas es-
tacdes secas, as variacdes de retroespalhamento podem ser principalmente atribuidas
as mudangas na estrutura vegetal devido a um menor nivel de conteudo hidrico que
levou a um decrescimento nos niveis de biomassa das classes. Nas estacdes umidas,
as variagdes no retroespalhamento das classes pode ser principalmente atribuidas a
duas contribuigdes distintas. O aumento na umidade da vegetacao e do solo foi pos-
sivelmente responsavel pelos picos de retroespalhamento observados, especialmente
nos dias chuvosos. Por outro lado, o aumento de componentes vegetativos prova-
velmente foi o responsavel pelas tendéncias crescentes nas medianas das estacdes
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umidas.

Os resultados supracitados podem ser explicados pelas limitagdes inerentes de sis-
temas SAR que operam na banda C para estudos de vegetagdo. O sinal de banda C
retroespalhado de volta ao sensor tende a saturar com o aumento da biomassa, nao
sendo capaz de penetrar mais a fundo na cobertura vegetal em niveis de biomassa de
aproximadamente 70 tons/ha (NIZALAPUR; MADUGUNDU, 2010), com a saturagao
do sinal ocorrendo em biomassas por volta de 30-50 tons/ha (QUEGAN et al., 2000).
Nesse caso, os efeitos de saturagao do sinal de banda C ainda podem ser observados
nos perfis temporais. Além disso, de acordo com Saatchi (2019), a precipitagao inter-
ceptada pela cobertura vegetal gera gotas de agua nas folhas que causam a disperséo
e a atenuacgao do sinal de radar, especialmente na banda C.

Trabalhos futuros podem aproveitar as caracteristicas de sensores na banda L tais
como a constelagdo SAOCOM (Satélite Argentino de Observacién Con Microondas),
BIOMASS (ESA) e NISAR (NASA-ISRO SAR), com expectativa de langcamento para
o ano de 2023. Os dados de banda L permitem superar os efeitos de saturagéo nos
coeficientes de retroespalhamento, provavelmente melhorando a capacidade de dis-
tinguir diferentes niveis de biomassa em areas de vegetacéo densa, como no caso das
fitofisionomias do Cerrado.

Em resumo, os perfis temporais das polarizagées VH e VV demonstram que a sazo-
nalidade tem uma influéncia significativa na intensidade do retroespalhamento medido
nas classes ao longo do tempo. Os resultados indicam uma relagao diretamente pro-
porcional entre os coeficientes de retroespalhamento VH e VV e o nivel de biomassa
das classes. Além disso, as distribuicdes espaciais das classes para ambas polariza-
¢des apresentaram menores sobreposi¢des do que as variaveis polarimétricas entropia
e angulo alfa. Consequentemente, as classes de vegetagao foram melhores discrimi-
nadas entre si pela intensidade do sinal. Tais resultados sugerem que os indices SAR
de vegetacdo podem descrever melhor as diferengas entre as classes pelo nivel de
biomassa.
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5 PARTE Il - Analise dos indices SAR de vegetacao

Esta secéo foi desenvolvida em formato de um artigo que trata do comportamento
espacgo-temporal de cinco indices SAR de vegetagdo: DpRVI, RVI, PRVI, DPSVI e
DPSVIm em trés classes de vegetacdo de Cerrado: Forest, Savanna e Grassland.
O artigo se inicia com a analise e interpretacdo de perfis temporais de mediana, in-
tervalo interquartil e desvio padrao, que representam as distribuicbes espaciais das
classes em cada data da série temporal. As analises contemplam ainda a interpre-
tagao visual de mapas que exemplificam a resposta dos indices SAR nas estagoes
Uumidas e secas. Tais analises foram desenvolvidas com o objetivo de retratar a res-
posta espaco-temporal dos indices SAR em relacdo a influéncia da sazonalidade do
regime de chuvas no Parque Nacional de Brasilia, tendo como premissa basica mu-
dancas na cobertura do solo despreziveis. Além disso, tais analises serviram como
um panorama do nivel de separabilidade entre as classes em cada estacao.

O artigo trata ainda de uma analise do nivel de separabilidade entre as classes
de vegetacdo baseada em um teste de hipotese sobre distancias estocasticas de
Kullback-Leibler. Esta analise teve por objetivo verificar a influéncia da sazonalidade
na proximidade de distribuicbes espaciais amostrais das trés classes, onde foi possi-
vel verificar o periodo em que as classes se tornam mais distinguiveis. De um modo
geral, o emprego de um teste sobre distancias estocasticas visou falsear as hipéteses
levantadas na analise dos perfis temporais.

O artigo foi escrito em lingua inglesa, sob o titulo "Understanding the spatio-temporal
behavior of Sentinel-1 SAR vegetation indices over the Brazilian Savanna”. O objetivo
principal de adogéo desse formato foi submeter o trabalho em revista internacional re-
visada por pares, a Remote Sensing of Environment. Além dos resultados, o artigo
ainda traz a prova matematica da métrica de distancia estocastica de Kullback-Leibler
entre duas distribuicdes log-normais e um link que leva a toda estrutura de cdodigo
Python desenvolvida para a producao dessa dissertacio.
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Understanding the spatio-temporal behavior of
Sentinel-1 SAR vegetation indices over the
Brazilian Savanna

Abstract—The Cerrado biome has been under pressure by
the expansion of the agriculture frontier in recent years. The
Brazilian government’s methodological strategies for monitoring
deforestation in the biome uses mainly multispectral satellite
imagery, whose availability and quality are constrained by the
cloud cover in the scenes. The optical data limitation to provide
dense time series over the years raises the need for alternatives
for the continuous monitoring of preserved areas. In this context,
various studies investigated the potential of SAR data to monitor
the Cerrado vegetation due to its cloud-free characteristic,
high revisit frequency, and wide spatial coverage, which allows
continuous monitoring of the Brazilian savanna physiognomies.
In the recent years, the increasing availability of open SAR data
led by the Sentinel-1 mission allowed the development of various
dual-pol SAR vegetation indices as vegetation descriptors, most
of them focused on crop monitoring. However, to the best of our
knowledge, studies that investigate the use of SAR vegetation
indices to map and monitor the Cerrado biome have not been
addressed so far. In this study, the temporal behavior of five SAR
vegetation indices derived from Sentinel-1 data was investigated
in the period between 2017 and 2021 for three vegetation classes
(Forest, Savanna and Grasslands) in the Brasilia National Park,
Brazil. Temporal profiles analysis showed that DpRVI, RVI,
PRVI, DPSVI, and DPSVIm follows a seasonal pattern directly
linked with the rainfall regime in the study site. DpRVI, and
RVI were found related to the rate of radar signal variation
over the vegetation as a function of the seasonality influence.
PRVI, DPSVI, and DPSVIm were found directly related with
the biomass level of the classes and its variations over time. Pre-
cipitation and seasonal vegetation structure changes were found
to be important drivers of the shift and the spread of the indices’
spatial distributions over time. In this regard, a phenomenon here
called index equalization was observed on rainy dates, shifting
and spreading all classes’ spatial distributions to the same indices’
value ranges; consequently degrading the separability between
classes. A hypothesis test based on stochastic distances analysis
demonstrated that the similarity between classes increases in the
dry seasons and decreases in wet seasons. The DpRVI and RVI HO
rejection curves remained above 97% without a clear seasonal
pattern. The PRVI, DPSVI, and DPSVIm curves for pairs of
classes showed rates HO rejection above 94% within a seasonal
pattern.

Index Terms—Cerrado, C-band, time series, stochastic dis-
tances

I. INTRODUCTION

HE The Brazilian Cerrado has already lost almost half

of its original cover. This is what recent studies conclude
about the land use of the second largest biome in South
America [1] [2]. Occupying approximately 2 million km?
(about 24% of Brazil’s total area), the biome is the world’s
most biologically diverse savanna [3], hosting more than
12,000 plant species [4] and one third of Brazilian diversity,
with a high level of endemism [5]. Considered one of the

34 hotspots for biodiversity conservation [6], the biome is
under human-induced pressures related with the expansion of
the agricultural frontier [1], especially on a region known as
MATOPIBA (region that encompasses the Brazilian states of
Maranhio, Tocantins, Piaui, and Bahia) [7]. Those four states
were jointly responsible for 55% of native vegetation loss
between 2005 and 2017 [8].

The Cerrado map of 2021, produced by the MapBiomas!
project, indicates that approximately 53% of the total Brazilian
Cerrado extent was mapped as a natural vegetation landscape
in this year. The map also shows approximately 46% of
Cerrado mapped as different anthropic uses, mainly agri-
culture, aquaculture, and mining. In terms of deforestation,
Brazil’s continuous data-based monitoring programs of clear-
cut deforestation (PRODES) data in Terra Brasilis portal [9]
shows an increasing trend in vegetation suppression in the
period between 2019 and 2022, where a total of 10700 Km?
of deforested area was detected. Furthermore, in 2022, the
Cerrado Deforestation Alert System (SAD-Cerrado) reported
91768 deforestation alerts over an area of 8155,32 Km?, mostly
on the MATOPIBA region [10].

Those Brazilian strategies to monitor Cerrado mainly en-
compass satellite optical imagery to map the temporal dy-
namics of Cerrado. However, this approach to monitor de-
forestation has many challenges regarding the availability of
multispectral cloud free imagery. The Cerrado domain has
a well marked climatic seasonality with 6-month-long dry
seasons and 6-month-long wet seasons [11]. Furthermore,
the characteristic vegetation along the Cerrado territory is a
mosaic of different proportions of evergreen riparian forests,
deciduous and semi-deciduous forests, savanna woodlands,
shrublands, and grasslands, with highly seasonal dynamics
[11].

Within this context, SAR systems are attractive for mapping
and monitoring vegetation cover changes since they can ac-
quire images despite the cloud coverage and solar illumination
conditions of the Earth surface. In the past, different studies
investigated the potential of SAR data for Cerrado vegetation
mapping and monitoring [12] [13] [14] [15] [11] [16] [17].
Most studies use backscattering information to characterize
different vegetation types within Cerrado and in different
regions.

In recent years, the increasing availability of SAR data
leaded by the European Space Agency (ESA) SAR-C Sentinel-
1 mission led researches worldwide to develop SAR vegetation
indices, most of them focusing on monitoring agricultural

! (https://plataforma.brasil. mapbiomas.org/)



crops [18] [19] [20] [21] [22]. SAR vegetation indices are
mathematical models that take advantage of the polarimetric
properties of the interaction between the radar signal and the
vegetation canopies to enhance the contrast between vegetation
and other distributed targets, simplifying the analysis of SAR
imagery. However, to the best of our knowledge, studies
investigating the use of SAR vegetation indices to map the
Cerrado vegetation have not been addressed yet.

Following the presented context, this study raises the sci-
entific question: how the dual-pol SAR vegetation indices
describes the vegetation of Cerrado in preserved areas? The
question is based on the premise that, by knowing and under-
standing the seasonal dynamics of a preserved Cerrado region
in terms of SAR data, it is possible to better identify and
interpret possible disturbances in the future. Thus, the main
purpose of this work is to investigate the potential of the
dual-pol SAR vegetation indices as indicators of the seasonal
dynamics over the Cerrado vegetation.

As an attempt to answer the question, the spatio-temporal
behavior of five Sentinel-1 SAR vegetation indices is explored
in this paper to understand the indices’ spatial distributions
and temporal trends within the Brasilia National Park (BNP) -
Brazil. The separability level between three physiognomies in
the study site was also assessed to gain knowledge about how
seasonality influences the indices’ spatial distributions over
time.

II. METHODOLOGY
A. Study site

This present research’s study site is the Brasilia National
Park (BNP), a 30,000 hectare preserved area inside the Cerrado
biome, located on the north-western region of Brazil’s Federal
District (Figure 1). The park is an important savanna research
and conservation site, since its area encompasses the major
physiognomies of the Brazilian Cerrado [13].

The seasonal dynamics in BNP is characterized by a wet
summer, from October to April, and a dry winter from May
to September [12], as indicated in Figure 1. The described
seasonal pattern was adopted in this study as an analysis
unit to evaluate the influence of the rainfall regime on the
performance of the SAR vegetation indices. Moreover, the
BNP relief can be considered near-flat to smoothly undulated,
according to the EMBRAPA slope classification system [25].
About half the SRTM DEM pixels in BNP’s extent are below
8 degrees. Thus, in this study, the relief influence in the SAR
backscattering response was assumed negligible.

Since the research location is a protected region, no substan-
tial changes to land cover over time were assumed. Therefore,
the BNP vegetation is referenced in this study as classes that
represent three major Cerrado physiognomies present within
the park extent. Sorted by decreasing above-ground biomass
content [24], the classes are: Forest (FT), Savanna (SL), and
Grassland (GL), following the definition proposed by [26]. In
this paper, the term “biomass level” does not refer directly
to above-ground biomass of the vegetation. The term is used
to summarize the differences between the classes’ vegetation
structure composition.

The spatial extents of the classes were extracted from the
MapBiomas Collection 6 2020 LULC produced with Landsat 8
imagery. The classes’ spatial extent were vectorized following
the map legend code id’s (Forest = 3, Savanna = 4, and
Grassland = 12). The collection 6 maps is reported to present
74.9% of global accuracy on the Cerrado biome [27].

In BNP, the Forest class is represented by the Gallery
Forests physiognomy (Figure 1). This vegetation unit is
present alongside brooks and streams as closed corridors
of high trees above water courses. The Gallery Forests are
characterized mainly by semi-deciduous to evergreen trees
with 20-30m average height with complex vegetation canopies
[26] [17]. The regions covered by Gallery Forests present 40-
70% of arboreous cover in the dry season and about 50-90%
in the wet season, forming a continuous dense canopy cover
with high rates of relative moisture all over the seasons [26]
[12].

The evergreen condition of Forest-class vegetation main-
tains nearly constant high volumes of vegetation components
like broad leaves and medium-sized branches in a dense and
stable upper canopy. Due to the canopy’s continuous dense
biomass and tree heights, the C-band signal interactions are
likely limited to the upper canopy components like leaves and
branches. In this case, there is often a saturation of the C-band
over the Forest class, with no underlying soil contributions to
the total backscattered signal in those regions.

The Savanna class encompasses two Cerrado physiog-
nomies: Savanna Woodland and Wooded Savanna [26] [23]
[12]. The Savanna Woodland is characterized by a mix of
grasses, shrubs, and sparse trees. Its trees can reach an average
height of 3-6m with an arboreous cover of around 20-50%,
forming a discontinuous canopy cover across the territory.
The Wooded Savanna phytophysiognomy can be described
as a shrubland with sparse trees. The trees can reach an
average height around 2-3m and 5-20% of arboreous cover.
This vegetation unit represents the lowest and least dense form
of the Savanna subgroups, with predominance of shrubs and
herbs.

The mixture of those two physiognomies within Savanna
results in a continuous shrub-herbaceous layer with a discon-
tinuous tree layer composed of xeromorphic semi-deciduous
to evergreen trees agglomerated in various densities across
the territory [17] [24]. Hence, some C-band signal saturation
is expected in areas of clusters of trees and where the com-
position tree-shrub-herbs density is higher. In regions where
the vegetation composition is less dense and sparse, some
scattering contribution from the underlying soil is expected.

The Grassland class in BNP contains two Cerrado physiog-
nomies, characterized by a predominance of grasses without
woody vegetation cover [26] [12] [17]: Shrub Savanna and
Savanna Grassland. The Shrub Savanna is composed by the
sparse presence of shrubs and herbaceous plants within a open
grassland. The shrubby vegetation can reach an average height
of 2m and less than 5% of arboreous cover. The grasses
and herbaceous plants can reach an average height of 0.5 m.
The Savanna Grassland physiognomy is defined as an open
grassland with predominance of herbaceous plants and grasses,
rare occurrence of shrubs, and the complete absence of trees.
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a) Localization of BNP within the Cerrado biome; b) Study site map presenting the classes spatial extents. The basemap is a Sentinel-2 image

from 06/07/2020 (RGB 4-3-2). c¢) The Santa Maria rain gauge average monthly precipitation (1978-2021) data was obtained from the Hidroweb platform
(www.snirh.gov.br/hidroweb/); d) The BNP and classes slope distributions were extracted from SRTM 1 arcsecond (30 meters) DEM obtained from the Earth
Explorer platform; e) The pictures are examples of each class vegetation taken from [23] and [24].

Its vegetation cover can reach the mean height of 0.7 m, with
grass inflorescences that can reach 2.5 m [23].

The herbaceous plants present seasonal marked phenologi-
cal cycles. Its most vigorous phase occurs in the wet season,
with the germination of new plants and the regrowth of the
established ones by the sprouting of new leaves and stems [28].
Because of its shallow roots, the water restriction in the dry
season hinders the plant’s growth and leads to its desiccation,
consequently establishing a dry biomass within Grassland [29].
Over the Grassland vegetation, scattering contributions are

expected from both the plants and the underlying soil due to
low grass heights and biomass density. In this case, its seasonal
backscattering response reflects contributions both from the
vegetation structure and water content as also from the soil
roughness and moisture.

B. SAR vegetation indices

1) Dual-pol Radar Vegetation Index (DpRVI): The DpRVI
can be defined as a measure of scattering randomness from
vegetation structures [22]. The index is calculated as a function



of the degree of polarization (DOP) and a parameter that
measures the dominance in the scattering mechanism (3).

The DOP is the ratio between the average intensity of
the polarized portion of the wave and the average total
intensity of the wave [22]. The [ parameter indicates the
contribution of the dominant scattering component within the
total backscattered power. This information is calculated from
Sentinel-1 SLC products by deriving the elements of the C5
matrix calculated, which are related with the second-order
scattering information generated from the spatial averaging
within a kernel [22]. In this study, the DpRVI was generated
with a 5x5 kernel.

The DOP is derived from the C> matrix by using Barakat’s
expression [30]. The value of DOP varies between 0 and 1,
where DOP = 0 refers to a completely unpolarized wave
state and DOP = 1 refers to a completely polarized wave
state. In between those values, the wave is considered in a
partially polarized wave state, 0 < DOP < 1. For dual-pol,
the DOP is equivalent to wave anisotropy, which is the relative
strength between the first and the second dominant scattering
mechanisms [22].

_ 4 x det([CQ])

DOP = .
(Trace[Cs])

Polarized Power _ \/1 0

Total Power

The parameter of scattering mechanism dominance (3)
is derived from the eigen-decomposition of the C matrix
[22]. The two non-negative eigenvalues, which quantifies the
dominance of scattering mechanisms, are normalized with the
total power span (T7(Cs) = A1 + A2).

f=
1+ A2

The formulation of DpRVI is a product of the DOP sub-
tracted by the unit and 3 parameter. The product of DOP and
[ corresponds to the scaling of the dominant scattering [22].
The index is bounded between 0 and 1, with both the lower
and upper bounds having physical significance.

2

DpRVI=1-DOP x 3, 0<DpRVI<1 (3)

2) Radar Vegetation Index (RVI): Originally formulated for
full polarimetric data, the RVI was widely used as parameter to
identify and separate vegetated areas from bare soil surfaces,
since the index is sensitive to the biomass level [31]. The index
was also reported to be related to Vegetation Water Content
(VWC), which is directly linked to vegetation wetness [32].

RVI is based on modeling vegetation structure as a collec-
tion of randomly oriented dipoles [33]. The index formulation
is a measure of the randomness of the signal scattering,
by addressing the contribution of volume scattering to the
total backscattered power, indicated by the cross-polarized
backscattering coefficients [20].

The adaptation of RVI for dual-pol SAR data was first stud-
ied by [34], assuming that the contribution of the interaction
between soil and vegetation in the total backscattered wave
is disposable. The modification was proposed according to

0
R Oy

an assumption that supposes o, [35]. Similarly, an
implementation of the index with VV and VH polarizations

of Sentinel-1 dual-pol data was proposed by [20].
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3) Polarimetric Radar Vegetation Index (PRVI): The index
was proposed as an indicator of shrubland biomass [18]. The
index encompasses the degree of polarization and the cross-
polarized backscatter intensity to characterize the scattering
from vegetation structures. By addressing vegetation as a
signal-depolarizing media, the index uses the unpolarized
portion of the scattered wave by subtracting the DOP from
unity, which is considered to represent the volume scattering
component from distributed targets [36]. Then, this parameter
is multiplied by the cross-polarized backscattering intensity,
turning it into an unbounded index.

The original formulation of PRVI encompasses the DOP
calculated by the modified Mueller matrix with Stokes param-
eters from full polarimetric SAR data, assuming a completely
and linearly polarized wave emitted by the sensor [18]. How-
ever, these parameters are inaccessible for dual-polarimetric
data. Hence, for a dual-polarimetric implementation of PRVI,
the DOP can be calculated by Barakat’s expression from
the Cy matrix, as well as DpRVI [37]. Moreover, the Cas
element of the C's matrix can be used as the cross polarized
backscattering intensity.

PRVI = (1- DOP) x o2, 5)

4) Dual Pol SAR Vegetation Index (DPSVI): This SAR veg-
etation index was proposed to assess the scattering behavior of
different surface targets in terms of the co- and cross-polarized
backscatter intensities of Sentinel-1 data [19] derived from
GRD products.

Its theoretical model is based on the approximately trian-
gular shape of the two-dimensional scatter plot between o0,
and ¢?,. The plot expresses the behavior of different surface
targets, such as vegetation (upper left portion), soil (lower right
portion), and water bodies (lower left portion). The distribution
of these different targets within the plot follows the concept
of degree of depolarization, in which the signal transmitted by
the sensor experiences some depolarization in the interaction
with the target’s surface. The index is a function of the Inverse
dual-pol Diagonal Distance (IDPDD), the Vertical Dual De-
polarization Index (VDDPI), and the backscattering coefficient
of VH (c9)).

The IDPDD is a measure of the inverse diagonal distance
of Soil-Vegetation Edge, a conceptual measure introduced by
[19] that represents the soil in its lower range and vegetation
in its upper range.

(Ugvmuw - Ugv) + Ugh
V2

The o),  term in IDPDD needs to be assessed to avoid
the influence of the high backscattering regions, i.e. regions
oriented in such a way that it scatters the entire transmitted
signal back to the sensor [19]. In this study, the o was

VVUmax

IDPDD = (6)




assessed by analyzing the scatter plots of a few images from
the wet and dry seasons. The agvmw was considered inside
the approximated core region of the scatter plots and its value
was taken as 10 for the calculation of DPSVIL
The VDDPI index estimates the degree to which the target’s
surface depolarizes the transmitted signal, given by the ratio
between the total polarized power and the co-polarized power
[19].
0 0
vDDPI = Tt un

)
T

The final formulation of DPSVI integrates the ¢, to make
the index range start from water bodies in the lowest values
to vegetation in the highest values, where the index values

increase with the increased amount of above ground-biomass.

DPSVI =IDPDD x VDDPI x o9, (8)

5) Modified Dual Pol SAR Vegetation Index (DPSVIm): The
index was proposed as a modification of the original DPSVI to
improve its capacity to monitor dense vegetation areas such as
the Brazilian Atlantic Forest biome [21]. The main motivation
for the DPSVI modification is that the index was developed
for regions of dense and sparse crops [19], and its applicability
to dense vegetation regions were unknown until then.

The first modification on DPSVI is based on the tendency
of IDPDD to saturate in dense biomass regions [19]. Hence,
IDPDD was replaced by DPDD (Dual Polarization Diagonal
Distance), which was reported to be more appropriate to
represent dense vegetation features like forests [19].

ng + Jgh
V2
The second modification on DPSVI formulation was the
replacement of VDDPI by Cross Ratio (CR) [38], which
is reported to have an exponential behavior as a function
of VDDPI and to be better suited to distinguish pixels of
vegetation [21].

DPDD = 9)

0
CR= 72 (10)
Oun

The formulation of DPSVIm is a function of DPDD, CR,
and the 09, , and is an unbounded index. The index has pre-
sented correlation and agreement with above-ground biomass
from Atlantic Forest fragments, and in near-flat areas, it was
capable to distinguishing plots with biomass of approximately
50.0 Mg/ha from those with approximately 200.0 Mg/ha [21].

DPSVIm = DPDD x CRx (11)

C. SAR data and preprocessing pipeline

To derive the necessary data to compute the SAR vegetation
indices, SAR-C Sentinel-1A products were used. The products
were acquired by the Interferometric Wide Swath (IW) mode
in the descending orbit 14796, with an average incidence angle
of approximately 38.14°. The temporal dataset was composed
by all available Single Look Complex (SLC) and Ground
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Fig. 2. Preprocessing pipelines for Sentinel-1 SLC products implemented in
script using the SNAP API for Python.

Range Detection (GRD) products on the Alaska Satellite
Facility (ASF) platform from January 2017 to December
2021, totaling 149 scenes of each product type acquired with
12 days of revisit time. The SLC products were used to
calculate DpRVI and PRVI; and the GRD products were used
to calculate RVI, DPSVI, and DPSVIm.

The preprocessing pipelines for both product types are
presented in Figure 2. Each pipeline was executed in a fully
automated batch mode, applied on each image separately by
a Python script that implements the SNAP operators using its
Python module snappy. The link to access the source codes is
presented in Appendix A.

1) C2 matrix components: To obtain the Co matrix com-
ponents, firstly, the swaths and bursts of the SLC products
that intersect the study site were identified. Its code parses
the XML metadata of Sentinel-1 .SAFE files and retrieves
the scenes swaths and bursts geometries, using the Python



library S-1 TOPS Split Analyzer. The identified swaths and
bursts were used as parameters for TOPS Split operator. Then,
the orbit state vectors were updated with precise orbit files.
Subsequently, the products were radiometrically calibrated
and the output was saved in a complex-valued format. The
calibrated products were then debursted and cropped using the
study site spatial extent. The products were then multilooked
by 4x1 in range and azimuth directions to generate ground
range square pixels. The C'y matrix components were produced
and then were speckle-filtered with the polarimetric Refined
Lee filter [39] with a 3x3 kernel.

Finally, the C5 matrix components were geocoded by Range
Doppler Terrain Correction operator into a UTM projected
coordinate system (EPSG:32722) and re-sampled to 10 m of
pixel spacing with a bilinear interpolation algorithm. The final
product was a Geotiff file with the C'; matrix components
(C11, R(C12), S(C12), Ca2) expressed in power linear units.

2) Backscatter Coefficients: To derive the backscatter coef-
ficients, firstly, preliminary comparisons between GRD prod-
ucts provided by the European Space Agency (ESA) and GRD
data derived from SLC products were made. The comparison
of both GRD products do not showed significant differences
between the backscattering coefficients. The processing of
GRD data from SLC products allows more control on the
preprocessing parameters, at the cost of more complex and
extra steps to obtain the backscattering coefficients than the
GRD products provided by ESA. In this case, the adoption of
the GRD products provided by ESA was a based on its simpler
preprocessing pipeline to obtain approximately the same result
than deriving the GRD from the SLC imagery. Hence, in this
study, the backscatter coefficients were derived from the GRD
products provided by the European Space Agency (ESA).

To calculate the 0¥, and 0¥, backscatter coefficients, the
first step was to update the orbit state vectors of the GRD
products. Then, the imagery was clipped to the spatial extent
of the study site. The radiometric calibration was applied
to the amplitude imagery of VH and VV. In sequence, the
speckle filtering was performed by Refined Lee filter with a
3x3 kernel. Finally, the imagery was geocoded by the Range
Doppler Terrain Correction operator. The final product was a
Geotiff file containing 00, and 0¥, with 10m of pixel spacing,
expressed in power linear units.

D. Data sampling and analysis

First and foremost, all indices were calculated in a fully
automated process implemented on a Python script. The script
was constructed to calculate the indices from the SLC and
GRD preprocessed products and stack the result in the same
raster file for each date. The source codes can be accessed in
the Appendix A.

Then, the indices’ zonal statistics such as median, upper
quartile, and lower quartile were extracted within the classes’
spatial extents. In this process, a 20 m negative buffer was
applied on the classes vector borders to avoid interference of
the classes mixture due to the scale difference between the
Sentinel-1 data and the classes’ spatial extents.

To analyze the temporal variation of the SAR vegetation
indices and observe its general trends, the spatial median

values with a surrounding polygon representing the interquar-
tile ranges (IQR) of all classes per date were plotted and
interpreted. Hence, the temporal profiles are a representation
of the SAR vegetation indices’ spatial distributions variation
over time.

In the temporal profiles analysis, the term “separability” was
used to represent the degree of distinction between vegetation
classes off different biomass level which the indices can
separate. The parameter to observe the classes separability
was the overlap between spatial distributions of the classes,
i.e. the overlap between IQR polygons around the medians.
Technically, a high overlap between the classes’ distributions
means that they are not easily distinguished from each other,
and vice-versa.

Lastly, a hypothesis test based on the Kullback-Leibler
stochastic distances proposed by [40] was employed to better
understand how distinguishable the classes are from each other
over the seasons. A stochastic distance is the distance between
two probability distributions and its concept is based on di-
vergence measures. Divergence measures are coefficients that
reflect how close or far apart two distributions are from each
other, with the property of becoming larger as the difference
between distributions increases [41]. The majority of these
coefficients lack the property of symmetry and so are not
truly distance metrics [41]. However, their symmetric variants
are known as stochastic distances [40], which are useful for
comparing random variables since further distributions are
easier to distinguish than closer ones.

The Kullback-Leibler stochastic distances can be interpreted
as the separability between two distributions, since smaller
distances denote a higher degree of statistical similarity of
the probability density functions (PDF) [42]. The use of this
method to assess the separability between classes is based on
the assumption that different responses of the SAR indices
regarding biomass level produce different spatial distributions
throughout the seasons. Based on this, the null hypothesis (HO)
of the test is that two sample distributions obtained in different
regions can be described by the same distribution (6, = 6,)
[40].

To perform the series of hypothesis tests, 50 square patches
containing 400 pixels were constructed for each class (Figure
3a). The patches were constructed by plotting a grid of
200x200m over the BNP vector in QGIS and randomly se-
lecting 50 cells within the classes’ spatial extent. The patches’
size was constrained by the Forest class, since its occurrence
is found along streams and its maximum width was not greater
than 200 meters in the terrain. The selected cells were used
as masks in a Python script that reads the vegetation indices’
rasters, calculates the patch distribution parameters and saves
the samples in .CSV files for each date on the temporal dataset.

In the literature, there are examples of stochastic distances
assessment employed for speckle noise reduction in SAR
images by modeling the targets as complex Wishart distribu-
tions [43], Gamma distributions [44] or G distributions [40].
In this study, we assessed several distributions and the log-
normal distribution was found to be the most suitable model
for characterizing empirical distributions of all vegetation
indices’ sample patches in the spatial domain for both seasons.
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Fig. 3. a) Spatialization of classes’ sample patches used in the hypothesis
tests. The sketch on the upper right corner is an example of a square sample
patch. b) Empirical (bars) and fitted with the log-normal model (solid lines)
spatial patch distributions of each vegetation index, respective to the patches
highlighted in the map by black circles.

Examples of sample patches distribution modeled by the log-
normal model of each SAR vegetation index are given in
Figure 3b). Hence, to perform the hypothesis tests, the sample
patches distribution was parameterized in terms of the mean
(p) and the standard deviation (o) and, thus represented by a
parameter vector (6 = p, 0).

The hypothesis test was performed for each vegetation
index separately, comparing the patch distributions of different
classes in a step-wise approach implemented in a Python
script. The script algorithm is given as follows:

1) Select the log-normal parameter vectors of two different
patches from two different classes (0, = pp,0p and 0, =
qu Uq)-

2) Calculate the Kullback-Leibler distance between param-
eter vectors (the proof is given in Appendix B):

Up%(:up — pg)? + Ug(ﬂq —p)® + (0';27 - Uq)2

2 2
40'p og

din(0,10,) =

3) Calculate the test statistic:

2mnu
S =

drn (‘/g\plé\q)

where m,n are the sample size of distributions p and g,
respectively. v is a constant (1 for Kullback-Leibler distances)
[40].

4) Reject the null hypothesis if Pr(x3, > s) < 7, where
M is the number of degrees of freedom of the chi square
distribution, which is equal to the number of parameters of the
target distributions. Since the distributions were parameterized
in terms of mean and standard deviation, M = 2. n is the
significance level of the tests, which was 0.05 in this study.

In the hypothesis tests, all possible pairs of patches of
different classes were compared, totaling 7500 hypothesis tests
per index and date. The null hypothesis rejection rates were
calculated as the ratio between the HO rejected tests and
the total realized tests, and adopted as an indicator of the
separability between the patch distributions. The rejection rates
for each date were then plotted in temporal profiles for each
vegetation index and pairs of classes.

e (13)

III. RESULTS AND DISCUSSION

In this section, the potential of five SAR-C vegetation
indices to describe seasonal dynamics of three vegetation
classes in BNP was investigated. The results and discussion
are organized as follows: Temporal profile analysis of DpRVI,
RVI, PRVI, DPSVI and DPSVIm, respectively; Hypothesis
tests over Kullback-Leibler distances.

A. DpRVI temporal profiles

The DpRVI temporal profiles for each class are given in
Figure 4a). Overall, all classes showed a temporal development
in approximately bell-shaped curves following a seasonal
pattern. All classes’ medians increased in the wet seasons
within an uptrend, typically reaching their highest values
around October-November. The index medians then began to
decline within a downward trend that regularly ended in the
middle of the dry season, around May-June, where the lowest
values of DpRVI were recorded. Within the seasonal pattern,
the median curves were farther from each other in the wet
seasons, returning to almost the same values by the end of the
dry seasons.

The classes’ DpRVI curves suggests an inversely propor-
tional response regarding the biomass level. Despite the similar
shaped curves, the classes presented different behaviors re-
garding the index seasonal variations. The Forest class medians
presented an almost constant behavior compared to the other
classes, varying between 0.52-0.59 with an average of 0.55 +
0.017 (mean =+ standard deviation), the lowest observed values
and variation amplitudes in the time series. The Savanna class
presented a similar behavior to the Forest’s, but with more
pronounced variation amplitudes in an intermediate range of
median values, concentrated between 0.0.53-0.0.63 with an
average of 0.57 £ 0.020. The Grassland class presented the
highest median values and variation amplitudes in the time
series, varying between 0.54-0.66 with an average of 0.59 +
0.029.
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The classes IQR were similar along the time series, show-
ing a high overlap between the classes’ spatial distributions,
despite the influence of seasonality. The IQR polygons also
showed slight variations over time, an observation reinforced
by the standard deviation profiles (Figure 4b). The classes’
standard deviation presented slight fluctuations around 0.11,
but without a clear seasonal pattern. The observed levels
of spatial variance in DpRVI values might be caused by
the structural heterogeneity of the classes’ vegetation [22].
Hence, both IQR and standard deviation temporal behavior
demonstrate that the seasonality influence only causes a shift
in the classes’ spatial distributions of DpRVI, not affecting its
spread significantly over time.

The DpRVI profiles showed sensitivity to precipitation in
the study site. In all classes’ curves, the wet seasons presented
more pronounced oscillations in the index median values than
the dry season, where the curves were more stable. The
oscillations were mainly linked to precipitation, observed as
peaks in the curves. In rainy dates, the precipitation led to
an increase in index values in all classes, but the response
was different for each class, respective to biomass level and
influence of soil moisture in the total scattered signal. In this
context, the lower the biomass level, the higher the amplitude

of the peaks. However, not all precipitation events led to an
index increase, but maintained the index at higher levels.

To exemplify the results spatially, DpRVI maps and its re-
spective classes’ spatial distributions were illustrated in Figure
4c). In both seasons, the maps presented predominantly DpRVI
values around 0.5-0.6 (yellow) for all classes. The spatial
distributions encompassing all pixels of the classes showed
similar shapes in both examples, where the main difference
was the distribution overlap. In the wet season example, the
classes’ distributions were shifted from each other, whereas a
high overlap is still observed. In the dry season example, all
classes’ distributions look almost the same. As a consequence
of the high overlap between classes’ spatial distributions, both
wet and dry season maps presented a similar fuzzy aspect,
where the classes’ spatial boundaries were hard to recognize
visually. Similar aspect maps with lack of recognizable spatial
geometries are also reported by [45] over wheat crops around
the city of Varanasi, India.

In general, the results of this study contrast with the results
reported by [22], possibly due to differences in phenological
dynamics of agricultural crops and Cerrado physiognomies.
The theoretical structure of DpRVI is based on the contrast of
signal polarization between the bare soil and the vegetation
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backscattering in different crop phenological stages, which
develops in few months from sow to harvest. In [22], the
DpRVI values increased as a function of a higher degree
of randomness in scattering with the advance of the crops’
phenological stages. The increase in the scattering randomness
was mainly driven by structural changes in plants in a context
where the vegetation canopy was more complex and the signal
was more depolarized as the plants grew. In this study, all
classes presented a stable and cyclic seasonal behavior, where
the contrast between classes were mainly driven by seasonality
effects over the vegetation structure (up/down trends) and
dielectric properties (peaks).

As the DOP and Beta profiles (Figure 5) indicate, the
classes’ vegetation presented similar levels of canopy com-
plexity along the time series, even considering seasonality
effects. The DOP curves indicate that the higher biomass level
classes had higher medians and lower variation amplitudes.
However, all classes cover almost the same range of values,
concentrated between 0.38-0.66 along the time series. The
Beta curves presented the same temporal behavior, directly
proportional to the biomass level, where the classes showed a
high overlap between its spatial distributions over time.

A decreasing trend in DOP and Beta was also observed
by [22], which resulted in the increasing of DpRVI as the
phenological stages of the studied crops advanced. In this
study, as indicated in Figure 5, the DOP curves were directly
proportional to biomass levels, demonstrating that with the
decrease of the biomass level, more depolarization occurred.
With the increase in vegetation components and water content

in the wet seasons, the variations in DpRVI values among
the classes were apparent. However, all classes’ medians
remained below 0.6 over the seasons, indicating that even with
seasonality effects, the DOP only reached medium values. A
similar behavior was observed for the classes’ Beta median
curves, which remained above 0.7 over the seasons, indicating
a predominance of a single dominant scattering mechanism
over all classes’ spatial extent. Within this context, the classes
seem to produce similar spatial distributions of DpRVI by
presenting similar levels of DOP and scattering mechanisms
dominance across seasons. A possible explanation for this
scenario is that the surface roughness and canopy leaf layer
contribute more to scattering at a higher mean incidence angle
(such as 38,14° in this study), which reduces the effect of
volume contribution in the backscattered signal [22].

The classes’ temporal behavior of DOP and Beta might be
an indicator of the saturation of C-band signal. The dense
biomass levels such as in Forest class blocks C-band signal
interactions with the underlying soil, and the consequent signal
saturation leads to similar levels of DOP in both seasons.
The effect of signal saturation is observed through the narrow
seasonal variations in the Forest curves of DOP and Beta,
which can also be a result of the evergreen condition of this
vegetation class. The saturation effect might be attenuated as
biomass level decreases, leading to more pronounced vari-
ations in DOP and Beta for Savanna and Grassland, likely
due to the increasing influence of the underlying soil on the
classes’ backscattering response.

Those assumptions are reinforced by the visual difference



between DpRVI maps calculated using ALOS/PALSAR-2 data
(L-band) and Sentinel-1 (C-band) in [45]. The L-band map
presented a less fuzzy aspect and a wider range of values
than C-band map, with some recognizable geometric spatial
patterns of different crops. Moreover, statistically, the L-
band DpRVI outperformed the C-band DpRVI in a first order
microwave scattering algorithm to simulate the SAR backscat-
tering response of the studied targets. Those observations
point to a hypothesis that L-band DpRVI may effectively
describe the different vegetation classes in BNP. Future SAR
missions like NISAR and BIOMASS would permit assessing
this hypothesis.

Summarizing the findings, as indicated by the DpRVI
curves, maps, and spatial distributions, the seasonality indeed
affects the classes’ DpRVI response. The different responses
regarding biomass levels and soil scattering influence of-
fers a certain level of separability between classes, which
is enhanced in the wet seasons, especially on rainy dates.
Those differences are difficult to recognize, mainly for visual
interpretation of the maps, due to the stability of the classes’
temporal behavior. However, such stable seasonal behavior can
be a suitable parameter for monitoring possible disturbances
in the classes’ vegetation structure.

Monitoring strategies such as those described in [46] for the
Amazonia biome may use DpRVI as a proxy of the temporal
stability of the Cerrado physiognomies. In this context, any
perturbation of the known temporal behavior within previously
mapped classes spatial extents can be taken as an alert of
disturbances like low-cut deforestation in preserved Cerrado
regions.

B. RVI temporal profiles

The RVI temporal profiles are shown on Figure 6a). The
classes’ temporal development occurred within a seasonal
pattern, increasing in the wet seasons and decreasing in the
dry seasons. In the wet seasons, the classes’ medians increased
within an uptrend in the first months of the season, reaching
a plateau in the middle of the season. The index then began
to decline in a downward trend, typically reaching its lowest
median values in the middle of the dry season, around July-
August. Inside the seasonal pattern, the median curves were
farther from each other in the wet seasons, reaching almost the
same values in the end of the dry seasons, a behavior similar
to DpRVI.

The classes’ bell-shaped curves suggest an inversely pro-
portional response regarding the biomass level, where each
class presented different variations over time. The Forest class
had an almost constant behavior when compared to the other
classes, varying between 0.75-0.90 with an average of 0.81
+ 0.033 (mean + standard deviation). The Savanna class
presented a curve shape similar to Forest, but more pronounced
variation amplitudes, especially on wet seasons. The Savanna
class medians were concentrated between 0.77-0.98 with an
average of 0.85 £ 0.042, configuring a intermediate range
of values. The Grassland class presented the highest median
values and variation amplitudes in the time series, especially
on the wet seasons. The class medians were concentrated
between 0.79-1.06, with an average of 0.90 + 0.064.

The classes’ IQR were similar along the time series, present-
ing a high overlap between its spatial distributions over time.
The IQR polygons around the medians showed seasonal vari-
ations, which is reinforced by the classes’ standard deviation
curves (Figure 6b). The standard deviation curves presented
a temporal behavior similar with the classes’ medians with
bell-shaped curves. The variation amplitudes were observed as
inversely proportional to the biomass level, suggesting that the
index spatial variance decreases with the increase of biomass.
Hence, both IQR and standard temporal behavior indicate that
seasonality affects the shift and the spread of the RVI spatial
distributions.

The RVI median curves showed sensitivity to precipitation.
In all profiles, the wet seasons presented more pronounced
oscillations in the index median values than the dry seasons,
where the curves were smoother. The wet seasons’ oscillations
were mainly linked to precipitation, observed as peaks in all
classes’ curves. However, not all precipitation events led to an
increase of the index, but maintained its higher levels, similar
to the DpRVI curves. In rainy dates, precipitation led to an
increase in the index values in all classes, but the response
was different regarding the biomass level and the influence of
the soil in the total scattered signal. In this context, the lower
the biomass level, the higher the amplitude of the peaks.

To exemplify seasonal influence on RVI in the spatial
domain, maps and its respective classes’ spatial distributions
were constructed for different dates in the wet and dry
seasons (Figure 6c). In both seasons, the maps presented
predominantly RVI values around 0.7-1.2 for all classes. The
classes spatial distributions showed similar shapes in both
examples, where the main difference was the distribution
overlap. On the wet season example, the classes’ distributions
were shifted from each other but with a high overlap. In the
dry season example, all classes’ distributions look almost the
same. As a consequence of the persistent high overlap between
the classes’ spatial distributions, both wet and dry seasons
maps presented a similar fuzzy aspect, where the classes’
spatial boundaries were hard to recognize visually. The C-
band RVI map over wheat crops around the city of Varanasi,
India, presented by [45] had a similar fuzzy aspect without
recognizable spatial geometries.

Since the RVI formulation is a measure of scattering ran-
domness in the radar signal, its behavior is similar to DpRVI.
In practice, RVI can be also considered as a SAR parameter
that expresses the variation rate of the radar signal over the
classes. Considering the fact that the vegetation classes in BNP
maintain high volumes of scatterers over time, the classes’
scattering randomness may be mainly driven by seasonal
influence in the vegetation phenologies.

The range of values of RVI over the BNP classes was
similar to the range of rapeseed plots [47] in France, wheat
[48] and, mustard fields [49] in North India. Since RVI is
an unbounded index, the range similarity between vegetations
of different biomass levels reinforces the insight that RVI is
not directly related with biomass level. The relationship is
indirect, by measuring the canopy complexity which is often
a consequence of biomass increase. However, despite the range
similarity, the main difference between the Cerrado physiog-
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Fig. 6. RVI temporal profiles of spatial median, interquartile range and standard deviation. The boxplots summarizes the median values in the temporal
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nomies and crops like rapeseed and wheat is the temporal
development of RVI, which is related to plants’ phenologies.
The phenologies of the vegetation classes’ plants in this study
are linked with the seasonality in BNP, as described in Figure
6. The plots of rapeseed, wheat, and mustard had a typical crop
behavior, showing a continuous increase of RVI as plants grow
until their harvest.

An example of a study that took advantage of the RVI
characteristics was [50]. The authors used RVI as a SAR
descriptor for mapping burned areas in forested regions of
Portugal and Italy. The study findings points out that RVI was
well suited to define areas affected by fire occurrence. Forest
structure loss and soil moisture changes after a forest fire lead
to less reflection on the C-band signal on burned areas [50]. In
this context, the loss of canopy complexity creates a contrast
between burned areas (low backscatter) and vegetated areas,
due to differences in cross-polarized backscattering. Hence,
the RVI maps on [50] presented the burned regions as darker
areas.

The findings on RVI temporal behavior indicates that sea-
sonality indeed affects the response of the index for each
class. The different responses regarding canopy complexity
(indirectly linked with biomass levels) and soil scattering

influence offers a low level of separability between the classes.
The separability between classes was enhanced in the wet
seasons, specially on rainy dates. However, the different
classes’ responses are difficult to recognize, mainly for visual
interpretation of the maps.

In practice, the main source of separability offered by RVI
is the rate of variation in the radar signal for each class.
The different rate of variation can be a suitable parameter
to measure the stability of the canopy complexity, thus an
indirect measure of vegetation stability over time. In this
context, disturbances of the known baseline temporal behavior
of preserved Cerrado regions, caused by low-cut deforestation
or forest fires, can be considered as an alert.

C. PRVI temporal profiles

Overall, the classes’ PRVI profiles show a temporal behavior
following a typical seasonal pattern with approximately bell-
shaped curves over the seasons (Figure 7a). All classes’ medi-
ans increased in the wet season within an uptrend, reaching the
highest values around October-November. The classes’ curves
decreased in the dry season on a downward trend that regularly
ended amid the dry seasons (around July-September), where
the index’s lowest values were often observed. Furthermore,
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Fig. 7. a) PRVI temporal profiles of spatial median and interquartile range.

The precipitation on each date in displayed in the background as blue bars; b)

PRVI standard deviation temporal profiles; ¢) PRVI maps and classes distributions in the wet season (22/12/2020) and dry season (14/07/2021).

within the seasonal pattern, the classes’ medians’ curves were
farther from each other in the dry seasons, reaching almost
the same values in the wet seasons, especially on rainy dates.

Originally, the PRVI was assessed with L-band SAR data.
Positive correlations between PRVI (dB) values and estimated
above ground biomass were found in Shrubland regions in
Israel [18]. The L-band data was used in the study since the C-
band backscatter parameters of Sentinel-1 showed lesser corre-
lation with AGB, attributed to its shallower penetration depth
compared with L-band [18]. [51] found positive correlations
(R? = 0.56) between PRVI values (in dB) and above-ground
biomass values (in Mg/ha) in different plots of mangrove
forests in the Mundra region, within the Karchchh District,
India.

In this study, the classes’ PRVI curves behavior denotes
a directly proportional response regarding the biomass level,
not being directly assessed for AGB values. However, the
amplitude of the classes’ median fluctuations were higher
with the lower biomass levels. The Forest medians were
almost constant when compared with the other classes, varying
between 0.0055-0.0090, with an average of 0.0068 £ 0.0008
(mean =+ standard deviation). The Savanna medians curve
presented a behavior similar to Forest, but more pronounced

fluctuation amplitudes in a intermediate range of values, which
were concentrated between 0.0038-0.0010 with an average of
0.0059 £ 0.0016. The Grassland medians presented the lowest
median values but the highest variation amplitudes over time,
fluctuating between 0.0024-0.010 with an average of 0.0051
+ 0.0021.

Notably, the precipitation events affected the PRVI values
over time. In the dry seasons, the PRVI values were directly
proportional to the biomass level; i.e., the higher the biomass
level, the higher the index values. In contrast, the wet season
peak values reached very similar values for all classes. In
all profiles, the wet seasons were characterized by more
pronounced oscillations in the index medians than the dry
season, where the curves were more well-behaved.

The index peak was reached several times in the wet sea-
sons, mostly on rainy dates, producing pronounced oscillations
within the classes’ bell-shaped curves. The amplitude of the
peaks was inversely proportional to the biomass level, i.e. the
lower the biomass level, the higher amplitude of the peak.
The precipitation led to an abrupt increase in the index values
to very similar values in all profiles. In that case, the main
difference between the classes was the amplitude of the peak.

Another influence of seasonality in the classes’ curves was



in seasonal trends, which was possibly linked with vegetation
structure changes. Within the wet seasons, the median values
in non-rainy dates were the indicator of an uptrend, showing
increases over time beyond the peaks on rainy dates. The
increase in PRVI medians were possibly due to the increase in
vegetation components, according to the vegetation phenology
of each class, as a consequence of the abundance of water in
the BNP soil. In this context, the increase in the vegetation
components probably makes the vegetation structures more
random, enhancing their capacity to depolarize the radar
signal.

This observation is reinforced by the DOP curves in Figure
5, which shows a decreasing trend within the wet seasons,
beyond the influence of the precipitation. Furthermore, with
the increase of the PRVI medians, the amplitude of the peaks
decreased, especially for the Grassland curve. Those results
suggest that the precipitation influence on the PRVI values is
constrained by vegetation structure. On the other hand, in the
dry seasons, the downtrends can be related with the decrease
of vegetation components. Due to scarcity of water in the soil,
most of the vegetation in Savanna and Grassland experiences
some loss of components like leaves and stems, establishing
a dry biomass [29].

The classes’ IQR were significantly different from each
other along the time series. The IQR polygons around the
classes’ median curves showed variations over time, indicating
that the distributions were more spread out in the wet seasons
than in the dry seasons. Those observations are reinforced by
the classes’ standard deviation curves in Figure 7b). In the
spatial domain, the spread of the classes were directly propor-
tional to the biomass level, suggesting that PRVI response in
lower biomass levels was more homogeneous.

In the temporal domain, the spread of the classes followed
a seasonal pattern, similar to the classes’ median curves
fluctuations. The fluctuations of the curves were inversely
proportional to the biomass level, where the Grassland curve
showed the most pronounced seasonal variations, followed by
Savanna and Forest, respectively. Those observations indicate
that the rainfall seasonality affects both the shift and the spread
of PRVI distributions over time, where wet seasons insert more
uncertainty in PRVI than the dry seasons.

Within the seasonal pattern, the spread of the classes’ spatial
distributions increased in the wet seasons, frequently reaching
similar values in the rainy dates. In those dates, it is possible
to observe that the IQR values for all classes often covered
almost the same range of values, with similar median values.
In practice, those observations denote that the distributions
were almost equal in the spatial domain. The recurrence
of these observations within the wet seasons suggests that
the precipitation equalizes the PRVI response, shifting and
spreading the distributions to approximately the same range of
values. The amplitude of the shifts was different for each class
over time, but the median values did not surpass 0.10 along the
time series. This context suggests that the precipitation raises
the PRVI medians to a saturation point, which was around
0.8-0.10. This phenomenon is here called index equalization.

To illustrate the seasonal differences in the spatial domain,
PRVI maps and their respective classes’ spatial distributions

were illustrated in Figure 7c). In the wet season example,
the classes’ spatial distributions were almost the same, with
similar shapes covering almost the same range of values. The
high overlap between the classes’ spatial distributions resulted
in a map with a fuzzy visual aspect, without clear recognizable
spatial patterns of the classes. This is a result of the index
equalization effect, that degrades the classes separability by
shifting the classes’ spatial distributions to almost same levels.

In contrast, the dry season example presented significant
differences between the classes’ spatial distributions, with
some degree of overlap. The result was a map where the
classes’ spatial patterns are recognizable, where Forest is
displayed in yellow, Savanna in orange and Grassland in red.
The aspect of those maps contrasts with the C-band PRVI map
in [45], which do not present clear spatial patterns of wheat
Ccrops.

The separability degree observed in the temporal profiles
and the maps suggests that PRVI has the capacity to distin-
guish the classes by biomass level. However, given its temporal
behavior, this separability is degraded in the wet seasons given
the sensitivity of the index to precipitation. Its separability is
enhanced in the dry seasons, but maintains a high overlap
between the classes’ spatial distributions over time.

Overall, the classes’ PRVI temporal behavior showed a
different behavior than the DpRVI profiles, which also use
DOP. This might be a result of a possible higher influence
of VH than the term (1-DOP) in PRVI results. As analyzed
before, the classes’ DOP were directly proportional to the
biomass level. In this case, the term 1-DOP inverts the curve
trends, indicating that more depolarization of the radar signal
occurs with the decrease in the biomass levels of the classes.
By multiplying (1-DOP) by VH, the classes’ curves assumed
the characteristic seasonal shape in BNP.

It seems that the use of o, gives PRVI a sensitivity
to biomass level and precipitation. This is likely the cause
of its more pronounced fluctuations in the wet season. The
oscillation of PRVI in the wet season might be due to the
incorporation of o, sensitiveness to the dielectric constant
changes in the index formulation.

D. DPSVI temporal profiles

The spatio-temporal development of DPSVI profiles is dis-
played in Figure 8a). Overall, all classes’ curves followed the
seasonality trend patterns on the study site, where the index
increased in the wet seasons and decreased in the dry seasons
in clear bell-shaped curves. The wet seasons were character-
ized by uptrends in all classes, with pronounced oscillations in
the rainy dates. The dry seasons were characterized by more
well-behaved curves, where the lowest DPSVI median values
were typically found.

Within the seasons pattern, the classes’ median curves were
farther from each other in the dry seasons, reaching almost
the same values in the wet seasons, especially on rainy dates.
[52] investigated the post-fire vegetation regrowth in Portugal
and also observed DPSVI inter-seasonal variation patterns
mainly driven by humidity conditions, especially caused by
precipitation over the study site.
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All classes’ DPSVI median curves presented similar shapes,
where its range of values were directly proportional to the
biomass level. The Forest class varied within the seasonal
pattern with the highest medians, varying between 4.06-6.33
with an average of 5.30 £ 0.54 (mean =+ standard deviation).
The Savanna class varied within an intermediate range of
medians, concentrated between 2.50-5.34 with an average of
3.96 £ 0.66. The Grassland class presented the lowest median
values, varying between 1.70-4.13, with an average of 2.76 +
0.61.

The amplitude of the variations increased with the decrease
in the biomass level, i.e, the Grassland class presented the most
pronounced variation amplitudes, followed by Savanna and
Forest, respectively. These observations agree with the findings
of [19], which found positive correlations between in situ AGB
data and DPSVI in both wet and dry seasons. Furthermore, the
observed range of values assumed by the vegetation classes in
BNP are in consonance with the statement that DPSVI values
higher than 1 are representative of healthy vegetation [19]. The
stratified range of values above 1 and directly proportional to
the biomass level is an evidence of the DPSVI capacity to map
vegetation targets with different canopy complexities.

The DPSVI median curves also indicate the sensitivity

of the index to precipitation. In wet seasons, the peak of
DPSVI was typically reached in rainy dates. However, not
all peaks reached the same median value in those dates. The
index equalization effect was only observed in the first two
precipitations on the wet season of 2017-2018. In other rainy
dates, the distances between the classes’ medians seem to be
almost symmetrical. Considering the precipitation intensities
along the time series, it seems that this scenario is not directly
correlated with the volume of precipitation, and the reasons for
these observations remain unknown. In practice, the classes’
temporal behavior suggests that DPSVI attenuates the index
equalization effect, maintaining its distributions well separated
despite the influence of seasonality on the study site.

On the time series, the classes] IQR (Figure 8a) and
standard deviation curves (Figure 8b) suggest that the classes’
distributions presented significant differences regarding the
biomass level. The Forest class presented the highest IQR and
standard deviation over the seasons, followed by Savanna and
Grassland, respectively. This scenario suggests that the DPSVI
of higher biomass levels carries more uncertainty than lower
biomass levels in the spatial domain.

In the temporal domain, the IQR polygons around the
medians presented slight variations, mainly following the shift
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of the medians. The classes’ standard deviations follow the
seasonal pattern, but the amplitude of the variations was
narrow. The almost constant temporal behavior of the classes’
standard deviation curves evidences a slight difference in the
distributions spread in wet and dry seasons. Those results
suggest that seasonality affects mainly the shift of the dis-
tributions, whereas the spread was not significantly affected
over time.

To illustrate the results spatially, DPSVI maps and its
respective classes spatial distributions in both wet and dry
seasons were constructed (Figure 8c). In the wet season
example, it is possible to observe a high overlap between
the spatial distribution of Forest and Savanna. Both classes
showed higher values and the distribution overlap resulted in
a difficult visual interpretation of these classes’ spatial extents,
which are displayed in violet-to-blue colors in the map. The
visual appearance of Forest and Savanna in the wet season
map seems to be saturated in the range of 0-10.

In the dry season example, the classes’ distribution overlap
decreased, enhancing the separability between classes. The
result was a map with clear recognition of all classes’ spatial
patterns. Those observations are in consonance with the maps
in [19], which differentiated sparse and dense vegetations in
different classes.

In [19], the focus of the study was the assessment of DPSVI
as a general vegetation descriptor, exploring its contrast with
other targets such as water bodies and bare surfaces. The
author found positive correlations between DPSVI and NDVI
for both wet (R? = 0.749) and dry seasons (R? = 0.726),

demonstrating the reliability of the index regarding seasonality.
In this study, the results indicate that DPSVI has a well-
suited capacity to distinguish vegetation covers with distinct
biomass levels in BNP, despite the influence of seasonality.
The medians remained separate in almost all time series, with
exceptions in some rainy dates.

Beyond the results of this study, recent researches validate
the capacity of DPSVI for such analysis. [53] used DPSVI and
its derivatives (IDPDD, DPDD, and VDDPI) to analyze the
impacts of hail damage in plots of corn, wheat, and soybean
crops in Argentina. The analysis of 100 pixels within the
the study site presented a homogeneous DPSVI pre-storm
behavior and an increase in the variance after the storm,
highlighting the sensitivity of the index to the backscatter
changes caused by a hail storm in the studied plot. [50]
investigated the use of DPSVI as a vegetation descriptor to
map burned areas in forested regions of Portugal and Italy.
The index showed sensitivity to the backscatter changes after
forest fires, presenting well-defined areas of low backscatter
in the burned regions. To understand how DPSVI was capable
of such apparent separability between the vegetation classes,
temporal profiles of IDPDD and VDDPI were also constructed
(Figure 9).

IDPDD is a parameter that calculates euclidean distances
within the image scatter plot, based on the concept of the Soil-
Vegetation Edge [19]. Since the classes are representative of
vegetations with different biomass levels, the curves were quite
similar, with some degree of overlap between its spatial distri-
butions over time. The degree of overlap between the classes’



curves (medians + IQR) might be related with the limitation
of IDPDD due to the saturation of the C band over plants
with more than a meter [19]. Moreover, the IDPDD curves
were directly proportional to the biomass level, similarly with
the DPSVI. These observations add the insight that IDPDD is
an important source of biomass level separability within the
DPSVI formulation.

The VDDPI curves show similar trends to DpRVI. This is a
consistent observation, since the parameter is an estimation of
the rate in which the surface depolarizes the transmitted radar
signal [19]. In that case, by using VDDPI, the targets which do
not change the polarization of the illuminated signal occupy
the lower range and those which depolarize the signal occupy
the higher range [19]. All three classes’ curves were highly
overlapped over time, denoting that the classes depolarize the
radar signal in almost the same way, as suggested by the DOP
and Beta curves on Figure 5. However, each class curves had a
different rate of variation, evidencing the different influences
of seasonality in its vegetation phenologies. Those observa-
tions validate that VDDPI is a parameter with sensitivity not
to the biomass level, but to the rate of variation which the
targets depolarize the radar signal.

The classes’ DPSVI temporal profiles showed that the index
is well suited to express the seasonal patterns of the BNP
vegetation. The different responses regarding the biomass
levels of the classes and soil scattering contribution offer a
separability that can be used to map and model the AGB for
Cerrado physiognomies. However, the index has an empirical
characteristic by the incorporation of the parameter V'V, .,
in IDPDD, which impair its implementation in a time series
analysis and on complete automated monitoring strategies of
the Cerrado physiognomies.

Those limitations on DPSVI also impair the comparability
between different regions, since different areas in size and
location probably will present different V'V,,,,, values. More-
over, the necessity of the scatter plots analysis inserts a source
of human error in the model, since the establishment of the
VVinax value is based on the analyst’s judgment. Despite
its limitations, the analysis of DPSVI can be useful to map
disturbances such as low-cut deforestation, forest fires, and
hazard damages in preserved Cerrado regions.

E. DPSVIm temporal profiles

The temporal profiles of DPSVIm for each class are given
in (Figure 10a). The classes’ profiles showed a temporal
development that followed the characteristic seasonal pattern
in BNP. All classes’ medians developed in approximately bell-
shaped curves, increasing in the wet seasons within an uptrend,
typically reaching their highest values around February-March.
The index medians then began to decline in a downward
trend which typically ended in the middle of the dry seasons,
around August-September. Within the seasonal pattern, the
median curves were farther from each other in the dry seasons,
reaching almost the same values on rainy dates in the wet
seasons.

The DPSVIm temporal profiles also showed that the re-
sponse of the index throughout the seasons was directly

proportional to the biomass level of the classes. The Forest
medians were the highest within the seasonal pattern, varying
between 0.014-0.028, with an average of 0.021 £ 0.0035
(mean =+ standard deviation). The Savanna class occupied
an intermediate range of values, where the medians were
concentrated between 0.005-0.025, with an average of 0.013
4 0.0050. The Grassland medians presented the lowest values
of DPSVIm, but the highest variation amplitudes over time,
fluctuating between 0.002-0.019, with an average of 0.008 +
0.0044.

These results are in consonance with the findings reported
by [21], where DPSVIm had a directly proportional response
regarding the level of biomass of forested fragments in the
Atlantic Forest biome in both seasons. In their work, forest
formations and planted forests assumed higher values, fol-
lowed by annual crops and pastures, respectively. The index
was also capable of distinguishing plots with biomass around
50.0 Mg/ha from those with around 200.0 Mg/ha in near-flat
areas. This is likely due to the enhanced sensitivity of DPDD
on dense vegetated areas in comparison with IDPDD, and the
Cross Ratio exponential behavior as a function of VDDPI in
discriminating the increasing vegetation biomass levels [21].

The IQR was also found to be directly proportional to the
biomass levels, which indicates that the spatial heterogeneity
decreases with the decreasing of biomass (Figure 10a). The
IQR polygons around the medians showed variations over
time, indicating that the distributions were more spread out
in the wet seasons than in the dry seasons. Those observa-
tions are reinforced by the classes’ standard deviation curves
given in Figure 10b). The classes’ standard deviation curves
showed an increase in wet seasons and a decrease in dry
seasons, with different variation amplitudes, where the higher
the biomass level, the lesser the variation amplitude. The
variation amplitude difference between classes is likely due to
the different level of attenuation of the co-pol channel (VV)
between classes’ vegetations.

The seasonal behavior of the medians, IQR, and standard
deviation indicate that rainy seasons introduced more variance
in the distributions as a reflection of the increase of the surface
moisture on the targets and the increase of components in
the vegetation structure. Hence, the effects of seasonality not
only shifted the DPSVIm distributions, but also changed their
spread over time. This is especially highlighted in rainy dates,
where some precipitation events led to sudden peaks of median
and standard deviation. [21] also found that the variation
of rainfall within the analyzed hydrological years introduced
uncertainties in DPSVIm, resulting in lower correlations with
spectral indices in the wet seasons.

The DPSVIm median curves on the classes’ temporal pro-
files indicate the sensitivity of the index to precipitation in
BNP. In the wet seasons, the peak of DPSVIm was typically
observed in rainy dates in all analyzed years. However, not
all peaks reached almost the same value in those dates. The
index equalization effect was observed in the first two pre-
cipitations on the 2017-2018 wet season. In other rainy dates,
the distances between the classes’ medians decreased, but did
not reach the same levels. These observations suggest that the
separability between the classes’ DPSVIm spatial distributions
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is degraded by influence of precipitation. Furthermore, as
observed in DPSVI results, the precipitation intensities along
the time series seem to not be directly correlated with the
index equalization effect in DPSVIm results.

In fact, it seems that DPSVIm has the ability to attenuate
the index equalization effect, maintaining a certain level of
separability between the classes’ spatial distributions despite
the influence of seasonality, as DPSVI also does. In [21],
the increase in the spread of distributions in the wet seasons
resulted in lower correlations of DPSVIm with NDVI and
EVI. The authors also found that the agreement between
DPSVIm and the spectral indices tend to increase by the end
of the dry seasons, observed as peaks of positive correlations
in the analyzed hydrological years. Those observations were
probably a side effect of the index equalization.

It is also noteworthy that a behavior often observed in all
classes’ profiles was the decrease in the medians and standard
deviation in non-rainy dates after rainy dates. The decrease
amplitude was different along the wet seasons, sometimes
reaching DPSVIm values proportional to dry seasons. Those
differences seem to shorten along the wet seasons, evidencing
an uptrend beyond the peaks caused by precipitation. An

example of this is the 2017 dry-to-wet season transition. The
uptrends presented a lag in the dry-to-wet season transition,
due to the time needed to increase the structural components
in the vegetation such as leaves, branches, and stems after the
first precipitations in the wet seasons. Hence, it is possible to
infer that the structural changes in vegetation are responsible
for the seasonal DPSVIm trends, whereas the precipitation is
responsible for the index peaks.

In terms of separability between classes, those results high-
light the capacity of DPSVIm to distinguish the vegetation
cover by biomass level. The reflections of the seasonality
interference in DPSVIm classes’ distributions are also no-
ticeable in the maps and the respective classes’ distributions
(Figure 10c). In the wet season example, the classes’ spatial
distributions covered almost the same range of values. The
overlap between the classes’ spatial distributions resulted in a
map with a fuzzy aspect, but with recognizable spatial patterns
of the classes, especially Forest. Despite the index equalization
effect on degrading the classes’ separability, the wet season
map evidenced the robustness of DPSVIm in maintaining some
level of separability between classes.

In the dry season example, there were significant differences
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Fig. 11. DPDD and CR (VV/VH) temporal profiles of spatial median and interquartile range. The precipitation on each date is displayed in the background

as blue bars.

between the classes’ spatial distributions, where the density
curves were shifted from each other, presenting also different
spreads, as observed before. The visual aspect of the map
allowed a clear recognition of the classes’ spatial patterns,
which evidences the capacity of DPSVIm to distinguish the
vegetation cover by biomass level.

In general, the results of this study validate the DPSVIm
capacity to distinguish vegetation covers with distinct biomass
levels, despite the phenological differences between the At-
lantic Forest vegetation and Cerrado physiognomies. The mod-
ifications proposed by [21] on DPSVI overcome its empirical
characteristic, maintaining the separability between different
biomass level vegetations in both wet and dry seasons. Re-
garding those modifications, to understand how DPSVIm is
capable of such apparent separability between classes, tem-
poral profiles of DPDD and CR (VV/VH) were constructed
(Figure 11).

The DPDD temporal profiles presented a similar behavior to
DPSVIm itself. The classes’ curves’ shapes and IQR polygons
seasonal patterns were analogous to the variations of DPSVI
and DPSVIm themselves. These observations additionally
indicate that DPDD has a strong influence in the DPSVIm
response. The classes’ DPDD curves also presented strong
similarities with the IDPDD curves (Figure 9). However, The
DPDD curves’ variations presented a higher amplitude than
IDPDD. This result demonstrates that DPDD presented an
enhanced capacity to distinguish different biomass levels in
dense vegetated areas in comparison with IDPDD, as discussed

by [19].

The spatial variability in DPSVIm response is likely due to
the influence of DPDD as a measure of a diagonal euclidean
distance between the VV and VH response of the targets. In
the Forest class, the backscatter is stronger in VH than in
VYV, and the diagonal distance is quite higher. The Savanna
class, as a mixture of trees, shrubs, and grasses, present a more
balanced response in VV and VH due to more soil influence in
the regions with predominance of bushes, herbs and grasses.
In this case, the variance is more likely to be controlled by
the regions with more density of trees. The variance in the
Grassland class was the lowest due to approximately equal
diagonal distances as a consequence of the contribution of
the soil scattering in the total backscattered signal in those
regions. The predominance of grasses is expressed in more
stronger VV backscattering than VH.

The CR temporal profiles presented a temporal development
similar to DpRVI and RVI. The spatial distributions of CR
showed a high overlap in the time series, where the main
differences were regarding the medians, following the same
seasonal patterns as DpRVI, RVI, and the polarimetric vari-
ables DOP and Beta.

[38] observed seasonal variations in CR over different
stands of pine and oak in France, attributing the variations
mainly to seasonal variations in VH, whereas VV remained
nearly constant over time. In this study, it seems that CR
actually works as a measure of the rate which the classes’ SAR
response changes as a function of the seasonality influence
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Fig. 12. a) Inter-class profiles of HO rejection rates (p < 0.05). The increase of the HO rejection rate suggests an increase in the separability. b) Venn diagrams

representing the types of separability between the classes.

over the classes, the same principle behind DpRVI and RVI.
Furthermore, the CR classes’ curves presented an inverse
behavior with its respective VDDPI curves (Figure 9). It is
possible to observe that CR presented higher amplitude in its
variations than VDDPI, despite showing similar trends with a
high overlap between its spatial distributions over time. [21]
points out that CR has an exponential behavior as a function
of VDDPI, which better distinguishes vegetation pixels.

The findings on DPSVIm temporal behavior showed that
the seasonal patterns of the BNP vegetation can be useful to
interpreting the index results variations in a time series. From
the classes’ temporal profiles, it is possible to understand the
temporal dynamics of the Brazilian Cerrado physiognomies
and formulate strategies for monitoring the preserved areas.
Giving the potential good separability between the classes,
the major physiognomies of Brazilian Cerrado would be
discriminable in supervised classification efforts.

DPSVIm can base efforts to reconstruct cloud-affected
images from multi-spectral sensors, as investigated by [54].
The authors found that DPSVIm was one of the most impor-
tant SAR parameters in the reconstruction of cloud-affected
Landsat 8 imagery by modelling NDVI and EVIL.

F. Hypothesis tests over Kullback-Leibler distances

The temporal profiles of the five SAR vegetation indices
presented a first approach about the separability between
classes throughout the seasons. The indices’ curves indicated
that the seasonality effect on the classes’ whole spatial extent
is observed as a shift to closer distances in its spatial distri-
butions, mainly on wet seasons. PRVI, DPSVI, and DPSVIm
presented an increase in class separability in the dry seasons,
followed by a decrease in the wet seasons. Inversely, DpRVI
and RVI presented a seasonal behavior where the separability
between classes increased in the wet seasons and decreased in
the dry season.

The hypothesis tests were conducted to assess how distin-
guishable the classes are from each other over the seasons
based on stochastic distances. The tests compared the sample
distributions of three different pairs of classes (FI-SV, FT-
GL, and SV-GL) under the null hypothesis that two sample
distributions can be described by the same distribution. The
temporal profiles of HO rejection rates between different pairs
of class patches are shown in Figure 12. The temporal average
rates of HO rejection are shown in Table 1.

All curves of DpRVI indicate that the separability between
different pairs of classes is not significantly affected by the



TABLE I
TEMPORAL AVERAGE OF HO REJECTION RATES (%)
DpRVI RVI PRVI DPSVI DPSVIm
FT-SV 99.7 979 948 96.2 98.9
FT-GL 99.8 98.2  96.7 99.6 99.8
SV-GL 99.8 98.2 948 97.6 98.3

rainfall seasonality. The seasonal variations did not present any
recognizable seasonal pattern and showed a slight difference
between the temporal development for each pair. The lack
of seasonal pattern in the HO rejection rate curves might be
an expression of the low sensitivity of the index to seasonal
influences. The average rates of HO rejection remained above
99.7% (Table I) in all seasons for all pairs of classes, indicating
that DpRVI patch distribution separability is almost complete
over time.

Similar to DpRVI, the RVI curves indicate that the separa-
bility between the pairs of classes does not change significantly
over time as a function of the rainfall seasonality. The seasonal
variations did not demonstrate a clear seasonal pattern, and the
three pairs of classes had an almost constant temporal develop-
ment. The index average rates of HO rejection remained above
97.9% in all seasons for all pairs of classes.

The PRVI curves had a seasonality-influenced behavior
where all pairs of classes’ curves had a similar temporal
behavior. The curves for different pairs of classes had a
clear link with the seasons, with a bell-shaped temporal
development. The dry seasons presented higher rates of HO
rejection than the wet seasons, sometimes reaching 100%
of HO rejection, especially the Forest-Grassland pair. The
decrease in HO rejection rates in the wet seasons indicate
that the seasonality effect indeed approximated the PRVI patch
distributions in the wet seasons. The index average rates of HO
rejection remained above 94.8% in all seasons for all pairs of
classes, the lowest level of HO rejection between the studied
indices.

The DPSVI curves presented a behavior where each pair had
a different temporal development. The separability between
Forest and Savanna presented a clear seasonal pattern, increas-
ing in the dry seasons and decreasing in the wet seasons, with
an average of 96.2% of HO rejection. The curve of Forest and
Grassland indicates an almost total separability between the
classes in the dry seasons, with an average HO rejection rate
of 99.6%. The pair Savanna-Grassland also developed within a
seasonal pattern, increasing in the dry seasons and decreasing
in the wet seasons, with an average of 97.6% of HO rejection.

For DPSVIm, similar to DPSVI, each pair of classes had a
different behavior regarding seasonality. The Forest-Savanna
pair curve had a clear seasonal development, increasing in
the dry seasons and decreasing in the wet seasons with an
average of 98.9% of HO rejection along the time series.
The Savanna-Grassland curve also shows a clear seasonal
development, where the HO rejection rates had an average
of 99.8% throughout the seasons. The Forest-Grassland curve
was nearly constant in the time series, where the HO rates were
almost 100%, with an average of 98.3% along the time series.

20

Beyond the level of separability, the HO rejection rates’
curves also evidence the kind of separability that each index
can offer (Figure 12b). The DpRVI and RVI curves indicate a
disjoint relationship of the three classes despite the seasonality
effects (FT NSV =0,SVNGL =0,GLNEFT = 0). The
PRVI curves denote that all classes have associative intersec-
tions with each other (FT NSV, SVNGL,GLNFET) all over
the time series. In this case, seasonality influences the degree
of intersection between classes. DPSVI and DPSVIm provide
a type of class separability where Forest and Grassland only
intersect Savanna over time (FT'NSV NGL, FTNGL = ().

The pairs of classes’ curves for all indices presented high
rates of HO rejection over time, where most of the averages
were above 94% of HO rejection. Those rates contrast with
several studies that assessed the similarity between sample
features distributions and segments of SAR images [42] [55]
[56]. Those studies reports HO rejection rates below 1%,
for different modeled distributions and stochastic distances.
This divergence might be related with the distribution model
selection. It is possible that the log-normal can not be the
adequate to model the indices’ distributions in the spatial
domain. Further investigations are necessary to assess the
model selection on the HO rejection rates.

In the context of this study, there is a contrast between
the classes’ separability observed from the temporal profiles
and the separability measured by the hypothesis tests. The
temporal profiles showed a high similarity between the classes’
distributions over time, which is suggested by the high overlap
of the curves that encompass all pixels of each class. The
HO rejection rates suggest an almost complete separability of
sample distributions over the seasons. This scenario leads to
the assumption that the observed HO rejection rates can also
be related with the classes’ patch size (in pixels).

This assumption is supported by the results from [42]. The
authors observed that the size of the samples influenced the
rate of HO rejection, when comparing segments of SIR-C L-
band simulated data against samples of 9 different classes
of real SAR data. The results for Kullback-Leibler distances
showed that, as the segments’ sizes increased, the percentage
of simulated segments for which HO was not rejected at 5%
significance level also increased. [57] found that the mean
Kolmogorov-Smirnov distances between distributions modeled
by Generalized Gamma, Gamma, and Weibull distributions
decreased as the sample sizes increased. [56] also observed
that the HO rejection rates decreased as the sample sizes
increased for Kullback-Leibler distances between G° McKay
bivariate distributions. If the same is valid for the case of this
study, the increase on the patches’ size might lead to a decrease
on the HO rejection rates.

Since the patches of 400 pixels used in this study only
characterize local variations of those indices, the small pieces
of the complete distributions can be influenced by its respec-
tive spatial locations. Hence, a possible explanation for the
observed HO rejection rates is that it might be caused by the
spatial variability of sample distributions. By increasing the
size of the patches, the spatial variability influence on the
patch distributions might decrease, leading to more acceptance
of the HO. However, larger patches carry a larger mixture of



random variables, which leads to an unwanted contamination
of classes’ patch distributions. Hence, the definition of patches
with an equilibrium between statistical representativeness and
the spatial context it is a key matter in the reliability of the
test results. Further investigations are necessary to understand
the influence of the patch size in HO rejection rates for the
studied classes.

The speckle noise level in the imagery can be another
influence on the high HO rejection rates. It is possible that the
level of speckle on C2 components and on the backscattering
coefficients contributes to add randomness in the classes’ index
spatial distributions, and thus influences tests results. Further
research is necessary to understand the indirect influence of
speckle filters and their kernel sizes in the HO rejection rates.

Despite its high values, all indices’ HO rejection curves
validate the observations made from the temporal profiles, and
evidence potential applications for each index. The DpRVI and
RVT’s almost constant curves of HO rejection rates indicate
that both indices presented a low sensitivity to the seasonality
effects, which did not significantly change the target’s scatter-
ing processes. Those indices can be used to monitor defined
spatial extents of Cerrado physiognomies, as a proxy of the
temporal stability of the vegetation.

On the other hand, PRVI, DPSVI, and DPSVIm curves
showed a clear seasonal influence on the HO rejection, which
also validates the temporal profiles observations. The spatial
distributions of those indices were indeed affected by the
rainfall regime and its influence on the phenological stages
of the vegetation classes. The indices’ sensitivity to different
biomass levels grants a special type of separability, which
allows them to distinguish Forest and Grassland in both wet
and dry seasons. Those types of separability can be taken
into account when selecting features for mapping the Cerrado
physiognomies.

IV. CONCLUSION

This study explored the spatio-temporal behavior of five
SAR vegetation indices over classes that represent three Cer-
rado physiognomies: Forest, Savanna, and Grassland. The
data was summarized in terms of spatial median, interquartile
range, and standard deviation extracted from every single date
within the classes’ spatial extents. The temporal profiles con-
structed for the 2017-2021 period demonstrated the capacity
of the indices to describe the vegetation in the BNP. For all
indices’ profiles, the precipitation was found to be the main
driver for the peaks, and vegetation structure changes were the
main driver for the shape of the curves (upward and downward
trends).

The classes’ DpRVI and RVI temporal behaviors were found
to follow the characteristic seasonal pattern in BNP, increasing
in the wet seasons and decreasing in the dry seasons. However,
the seasonality effect was found not sufficient to change the
indices’ spatial distributions over time. The temporal profiles
showed high overlaps between the classes’ spatial distributions
of both indices over time, presenting low separability between
all classes despite the seasonality influence. In the spatial
domain the result was maps with fuzzy aspect and no recogniz-
able class spatial pattern in both wet and dry season examples.
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DpRVI and RVI distinguish the classes by the rate of C-band
signal variations, which are linked with the phenology and
architecture of the vegetation within the classes.

The classes’ temporal behaviors of PRVI, DPSVIm, and
DPSVI were also found to follow the BNP seasonal pattern
in approximately bell-shaped curves, distinguishing the classes
by the biomass level. The increase in the indices in wet seasons
was observed by a shift on all classes’ spatial distributions
to almost the same levels, which led to lower separability
between classes. Especially on rainy dates, a phenomenon here
called index equalization was observed, where precipitation
often raised all classes’ medians to almost the same values,
nearly to a saturation value. In contrast, the decrease in the
indices’ values on the dry seasons enhanced the classes’
separability. This scenario was reinforced by the example maps
of all indices, which showed clearer differentiation between
classes in the dry seasons than in the wet seasons.

The analysis based on Kullback-Leibler stochastic distances
validated the observations made with the temporal profiles.
DpRVI and RVI HO rejection rates’ curves of all pairs of
classes did not follow a clear seasonal pattern, evidencing that
seasonality is not the main driver for those indices’ variations.
PRVI, DPSVI, and DPSVIm HO rejection rates followed the
typical seasonal patter in BNP, reinforcing that seasonality
directly influences the indices’ response in the spatial domain
over time.

The indices can be categorized in three groups based on
the type of separability offered. The first group is composed
by DpRVI and RVI, which presented a complete disjoint rela-
tionship between the classes, contrasting with the observations
made with temporal profiles. This kind of separability was
hypothesized to be mainly influenced by the classes’ size
of sample distributions. The second group is composed only
by PRVI, which presented associative intersections between
classes all over the time series. The third group is composed
by DPSVI and DPSVIm, which showed complete separability
between Forest and Grassland. Both classes only intersected
Savanna along the DPSVIm time series, and the degree of
intersection was influenced by seasonality.

Based on the results of this study it can be concluded
that the five SAR vegetation indices effectively describe the
Cerrado physiognomies. Based on the scattering randomness
of the targets, DpRVI and RVI have potential to be used as
proxies of the temporal stability of vegetation in previously
mapped areas. By describing the vegetation by the biomass
level, PRVI, DPSVI, and DPSVIm have the potential to be
used as predictor variables to map the Cerrado physiognomies.
The different potential of the indices to describe vegetation
combined with the Sentinel-1 revisit time of 12 days configure
a propitious scenario to monitor the Cerrado physiognomies,
especially in regions where the cloud cover decreases the
availability of optical satellite data.

APPENDIX A
DATASETS AND SOURCE CODE LINKS

The data derived from the C2 matrix and backscatter coeffi-
cients imagery, as well as the Python scripts’ source codes of



preprocessing pipelines, vegetation indices processing, spatial
statistics extraction, temporal profiles, and stochastic distance
analysis notebooks can be found in the following link: [1]

https://github.com/JalesBussinguer/thesis_code
APPENDIX B

PROOF OF THE KULLBACK-LEIBLER STOCHASTIC
DISTANCE BETWEEN TWO LOG-NORMAL DISTRIBUTIONS

[2]

The Kullback-Leibler divergence measure between two log-
normal distributions, parameterized in terms of mean (u) and
standard deviation (o) is [58]:

~ o~ o 1
Drn(6,]0,) =1n (UZ) E [(kep

Since the stochastic distance is a symmetric version of the
divergence measure [40]:
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normal distributions is given by:
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6 Conclusao

Esta dissertagado traz um estudo exploratério do comportamento espago-temporal
de indices SAR de vegetacdo no Parque Nacional de Brasilia. O objetivo principal
foi verificar a capacidade de tais indices em descrever a dinamica sazonal de trés
fitofisionomias de Cerrado, organizadas em classes. O principal critério analisado foi o
nivel de separabilidade entre as trés classes nas estagées umidas e secas da regido de
estudo, medido por meio de testes de hipotese baseados em distancias estocasticas
de distribuicbes amostrais espaciais

O trabalho foi desenvolvido em duas partes. Na primeira parte, a pesquisa abordou
o comportamento espaco-temporal de dados SAR em termos de intensidade de retro-
espalhamento e variaveis polarimétricas (entropia e angulo alfa) na regidao do Parque
Nacional de Brasilia. Tais analises constituiram uma etapa-base para a compreensao
da interacdo do sinal de banda C dos radares da constelagdo Sentinel-1 com a ve-
getagao das fitofisionomias de Cerrado contidas na regido estudada. A partir dessa
construcdo, a segunda parte traz uma analise de cinco indices SAR de vegetacao
como descritores da dindmica sazonal da vegetagao no PNB, em formato de artigo a
ser submetido em revista internacional revisada por pares. Para todas as etapas da
dissertacao, foi produzida uma estrutura de codigo em linguagem Python englobando
o preprocessamento dos dados SAR, produgao dos rasters dos indices de vegetagao,
extracado das estatisticas zonais, implementacédo dos testes de hipotese para distan-
cias estocasticas Kullback-Leibler e a producéo dos perfis temporais e demais figuras.

Os resultados da analise polarimétrica indicam que os parametros Entropia (H) e
Angulo Alfa («) descrevem a taxa de variagéo do sinal de banda C sobre os diferentes
estratos vegetativos no PNB. As evidéncias coletadas indicam que tais parametros
sdo sensiveis aos efeitos da sazonalidade no PNB, porém tal influéncia néo é capaz
de diferenciar espacialmente as classes de vegetacdo estudadas. Ao longo da série
temporal, em ambas esta¢des umida e seca, os niveis de entropia se mantiveram em
uma faixa intermediaria (0.66 < H < 0.88), e os niveis de angulo alfa se mantiveram
em niveis baixos (23.0 < a < 32.5), segundo a segmentacgao de Ji e Wu (2015). Além
disso, foram observadas altas sobreposicdes entre as distribuicdes espacias das trés
classes, independente da influéncia da sazonalidade.

A principal diferenciagao entre as classes foi observada no dominio temporal, onde
cada classe apresentou um comportamento coerente com as caracteristicas estrutu-
rais de sua vegetagao, sendo a classe Grassland a classe com maiores taxas de va-
riacao no tempo, seguida de Savanna e Forest, respectivamente. Nesse contexto, o0s
parametros polarimétricos se mostraram eficientes na caracterizagao da estabilidade
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temporal da cobertura vegetal. Uma hipotese € entdo levantada de que eventuais per-
turbagdes na vegetagao preservada como queimadas e desmate por corte raso levem
a um comportamento deviante do que foi observado neste estudo, podendo servir de
parametro para a geracgao de alertas.

Da andlise de intensidade de retroespalhamento ¢°, os resultados indicam que
ambas polarizagdes VH e VV demonstram sensibilidade a influéncia da sazonalidade
sobre a vegetacédo do PNB. Foi observada uma relagao diretamente proporcional entre
a intensidade de retroespalhamento e o nivel de biomassa das classes, isto €, quanto
maior o nivel de biomassa, maior a intensidade de retroespalhamento em ambas po-
larizagdes VH e VV. Além disso, as distribuicbes espaciais das classes em ambas
polarizagcdes apresentam menores sobreposi¢cdes do que as variaveis polarimétricas.
Dessa forma, observou-se que a intensidade do sinal € um parametro adequado para
0 mapeamento das fitofisionomias do Cerrado, com clara separacao entre as classes
em termos de intensidade do sinal do que em termos de grau de aleatoriedade do sinal.

Na segunda parte deste trabalho, os resultados da analise dos indices SAR de
vegetacao sugerem que a precipitacdo € responsavel pelos picos dos indices. Ja as
mudangas na estrutura da vegetacdo das classes em fungdo da sazonalidade sao
responsaveis pelas tendéncias de subida e descida dentro da série temporal. Tais
observacoes foram feitas nos perfis temporais de todos os cinco indices estudados.

Os indices DpRVI e RVI, ambos métricas da aleatoriedade do sinal na interagao
com a vegetacdo, se mostraram sensiveis a influéncia da sazonalidade sobre as clas-
ses estudadas. Ambos apresentaram um comportamento temporal crescente nas es-
tagcdes umidas e decrescente nas estagdes secas, seguindo o padrao sazonal carate-
ristico observado para o PNB. Contudo, foi observados que os efeitos da sazonalidade
sobre a vegetagao no local de estudo nao afetaram significativamente as distribuicoes
espaciais em ambos indices. Os perfis temporais de DpRVI e RVI mostraram altos
graus de sobreposigao das distribui¢des espaciais das classes, denotando baixa sepa-
rabilidade dessas tanto nas estagdes umidas quanto nas estagcdes e secas no periodo
analisado. No dominio espacial, os resultado foram mapas com auséncia de padrdes
espaciais que permitissem a identificacéo visual das classes de vegetagdo em ambas
estacgoes.

A partir desses resultados, foi possivel concluir que ambos DpRVI e RVI descre-
vem a vegetacédo do PNB de forma analoga aos parametros polarimétricos analisados
anteriormente. Nesse contexto, as evidéncias coletadas indicam que ambos indices
podem ser utilizados como um proxy da estabilidade temporal de regides previamente
de vegetagao de Cerrado previamente mapeadas. Uma hipétese é entdo levantada de
que eventuais desvios do comportamento observado para regides preservadas podem

51



ser tidos como alertas de queimadas e/ou desmate por corte raso. Futuros trabalhos
devem testar essa hipdtese, aplicando esses indices em areas com historico de trans-
formacgao da paisagem floresta-solo.

Os perfis temporais dos indices PRVI, DPSVI e DPSVIm apresentaram um com-
portamento sensivel ao padrao sazonal observado no PNB, distinguindo as classes
de maneira diretamente proporcional ao nivel de biomassa. Nas esta¢des umidas, as
distribuicdes espaciais destes foram deslocadas para valores mais altos com conse-
quente degradacao da separabilidade entre as classes. Por outro lado, as tendéncias
decrescentes nas estagdes secas implicaram em um aumento da separabilidade entre
as distribuicdes espaciais das classes. Tais resultados foram reforgcados pela aspecto
visual dos mapas-exemplo em cada estacédo, onde os mapas da estacido seca apre-
sentaram diferencas mais evidentes entre as classes do que os mapas da estacao
umida.

A partir desses resultados, foi possivel concluir que os indices PRVI, DPSVI e DPS-
VIm descrevem a vegetacao do PNB de forma analoga aos coeficientes de retroespa-
lhamento ¢°. Nesse contexto, as evidéncias coletadas indicam que ambos indices
podem ser utilizados como parametros viaveis para o mapeamento do Cerrado via
classificacao pixel apixel. Futuros trabalhos que testem esses indices como variaveis
preditoras em esforgcos de mapeamento do Cerrado sdo encorajados, de modo a ava-
liar na pratica o ganho de informacéo que estes indices oferecem.

Além disso, um fendbmeno descrito neste trabalho como "equalizagéo de indice” (in-
dex equalization effect) foi observado em datas chuvosas na série temporal. O fené-
meno foi observado como um deslocamento das distribuicbes espaciais das trés clas-
ses para um mesmo patamar de valores, com sobreposi¢cao quase completa em termos
de mediana e IQR. Tal sobreposigdo ocorreu principalmente em valores de mediana
tidos como "ponto de saturacao”, valores estes de maxima de mediana na série tem-
poral. Tais observagdes indicam que a precipitacdo eleva a resposta desses indices
até a saturacado do sinal da banda C, degradando a sensibilidade destes ao nivel de
biomassa das classes, com consequente perda de padrdoes espaciais caracteristicos
nos mapas.

Por fim, a analise dos testes de hipdtese baseados em distancias estocasticas va-
lidaram as observagdes feitas a partir dos perfis temporais. As curvas de rejeigao da
hipotese nula (H0) dos indices DpRVI e RVI ndo apresentaram um padréo sazonal
claro, evidenciando que a sazonalidade n&o é o principal condutor das variacées na
separabilidade das classes. Ja para os indices PRVI, DPSVI e DPSVIm, as curvas de
rejeicao da HO demonstraram clara variagdo dentro do padréo sazonal caracteristico
do PNB. Tais observacdes evidenciam que a sazonalidade influencia diretamente a
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reposta no dominio espacial desses indices ao longo do tempo.

A partir dos testes de hipotese foi possivel ainda observar os tipos de separabili-
dade que cada indice oferece em relagao as trés classes estudadas. Nesse sentido,
os indices podem ser separados em trés grupos. O primeiro grupo € composto por
DpRVI e RVI, que apresentaram uma relagao disjunta entre as classes, contrastando
com as observacoes feitas a partir dos perfis temporais. Foi levantada a hipétese de
que esse tipo de separabilidade pode ter sido principalmente influenciada pelo tama-
nho das distribuicbes amostrais utilizadas nos testes. O segundo grupo é composto
apenas pelo PRVI, que apresentou interse¢gdes associativas entre as classes ao longo
de toda série temporal. O terceiro grupo € composto por DPSVI e DPSVIm, que apre-
sentaram separabilidade completa entre as distribuicbes amostrais das classes Forest
e Grassland. Ambas classes interseccionaram apenas a classe Savanna em ambas
estacdes umida e seca, e o grau de intersegao se mostrou influenciado pela sazonali-
dade.

Com base nos resultados expostos, é possivel concluir que todos os cinco indices
estudados descrevem efetivamente as fitofisionomias do Cerrado e suas dinamicas
temporais.

Para trabalhos futuros, recomenda-se a analise comparativa entre SigmaO, de-
composigao polarimétrica H-alpha e indices de vegetagao derivados de dados multi-
frequéncia, utilizando principalmente as bandas C e L. Além disso, recomenda-se uma
classificagdo tematica pelos métodos de machine learning ou deep learning a partir
dos descritores explorados neste trabalho e usando dados de referéncia obtidos dos
mosaicos mensais do Planet (5 m de resolugao).
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