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ABSTRACT. Monitoring and understanding vegetation responses to fire in Amazonian savanna ecosystems 
remains a very important scientific challenge to improve the landscape management practices of these areas. In 
this sense, the present study analyzes the dynamics of spectral separability as well as the postfire vegetation 
recovery process related to fire experiments carried out in open savanna ecosystems of the Campos Amazônicos 
National Park (Brazil). For this purpose, a harmonized Landsat and Sentinel-2 dataset was processed and analyzed. 
The time series of the Normalized Difference Vegetation Index (NDVI) and the Normalized Burned Ratio 2 
(NBR2) spectral indices were also generated from this same dataset for the period from 2019 to 2023 and evaluated 
in combination with fine fuel load in-situ measurements. M-Statistics and mean absolute difference were 
calculated comparing data from burned and unburned plots, considering different treatments of fire seasonality 
(Early-Dry Season – EDS; Middle-Dry Season – MDS fires) and time since last fire (2-year-old fuel age; 3-year-
old fuel age; and 10-year-old or older fuel age fires). The combined use of Sentinel-2 and Landsat resulted in an 
availability of cloud-free or partially cloud-free images ≈0.6 times greater than that obtained when using Landsat 
images exclusively. The potential of the NBR2 stood out, generating statistically significant mean absolute 
difference values when comparing EDS and MDS fires, and also when comparing 2-year-old fuel age areas with 
3-year-old or 10-year-old or older fuel age areas. Satellite and field information converged in the detection of a 
rapid response of vegetation to fire in these ecosystems, demonstrating that conditions similar to those observed 
before the fire were reached after three rainy seasons. The results reinforce the potential of Landsat and Sentinel-
2 harmonized remote sensing datasets to assess and monitor fire-affected areas over Amazonian savanna 
ecosystems, providing ecological meaning and establishing connections between remote sensing and field datasets. 
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Recuperación de la vegetación posincendio y separabilidad espectral en ecosistemas de 
sabana amazónica mediante series temporales de teledetección y mediciones de carga de 
combustibles 
RESUMEN. El monitoreo y la comprensión de las respuestas de la vegetación al fuego en los ecosistemas de sabana 
amazónica siguen siendo un desafío científico muy importante para mejorar las prácticas de manejo del paisaje en 
estas áreas. En este sentido, el presente estudio analiza la dinámica de la separabilidad espectral, así como el proceso 
de recuperación posincendio de la vegetación, en relación con experimentos de fuego realizados en ecosistemas de 
sabana abierta del Parque Nacional Campos Amazônicos (Brasil). Para este propósito, se procesó y analizó un 
conjunto de datos armonizado de Landsat y Sentinel-2. También se generaron series temporales del Índice de 
Vegetación de Diferencia Normalizada (NDVI) y del Índice Normalizado de Quema 2 (NBR2) a partir de este mismo 
conjunto de datos para el período 2019–2023, evaluándose en combinación con mediciones in situ de carga de 
combustibles finos. Se calcularon M-Statistics y diferencia absoluta media comparando datos de parcelas quemadas 
y no quemadas, considerando diferentes tratamientos de estacionalidad del fuego (fuegos de inicio de estación seca 
– EDS; fuegos de mitad de estación seca – MDS) y tiempo desde el último incendio (combustible de 2 años; 
combustible de 3 años; y fuegos con combustible de 10 años o más). El uso combinado de Sentinel-2 y Landsat 
resultó en una disponibilidad de imágenes libres o parcialmente libres de nubes ≈0,6 veces mayor que la obtenida al 
usar únicamente imágenes de Landsat. El potencial del NBR2 se destacó, generando valores estadísticamente 
significativos de diferencia absoluta media al comparar incendios EDS y MDS, así como al comparar áreas con 
combustible de 2 años frente a las de 3 años o de 10 años o más. La información satelital y de campo coincidió en la 
detección de una rápida respuesta de la vegetación al fuego en estos ecosistemas, demostrando que las condiciones 
similares a las observadas antes del incendio se alcanzaron después de tres estaciones lluviosas. Los resultados 
refuerzan el potencial de los conjuntos de datos armonizados de teledetección Landsat y Sentinel-2 para evaluar y 
monitorear áreas afectadas por incendios en los ecosistemas de sabana amazónica, aportando significado ecológico y 
estableciendo conexiones entre los datos de teledetección y los de campo. 
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1. Introduction 

The current climate change scenario has led to a significant increase in areas affected by fires 
globally (Burton et al., 2024; Senande-Rivera et al., 2022). This highlights the importance of carrying 
out studies focused on understanding the impact of fire and how the post-fire vegetation recovery 
process occurs in different types of landscapes (Archibald et al., 2018). In Brazil, the Amazonian 
savannas are ecosystems under strong anthropogenic pressure, and knowledge of their vegetation 
characteristics is still very limited (Carvalho and Mustin, 2017). 

Amazonian savannas are understood as a set of enclaves with a predominance of open natural 
vegetation physiognomies, with an ever-present herbaceous layer, which are biogeographically isolated 
by the extensive domain of Amazonian rainforests (Ab’Saber, 2003; IBGE, 2012; Prance, 1996). They 
cover a significant area of ≈15.3 million hectares in Brazilian territory (MAPBIOMAS, 2023), and their 
origin is mainly related to paleoclimatic inheritances existing in the areas of current disposition of the 
Amazon basin. The forested areas in this basin underwent successive moments of expansion and 
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contraction in relation to the areas of tropical savannas of Central Brazil (regionally called Cerrados) 
throughout the end of the Tertiary and mainly during the Quaternary (Ab’Saber, 1977; Carneiro Filho, 
1993; Haffer and Prance, 2002). 

The strong genetic connection between the flora of the Amazonian savannas and the Brazilian 
Cerrado (Prance, 1996; Ratter et al., 2003), results in a flora that presents a series of mechanisms of 
resistance and resilience to fire (Simon et al., 2009). The Cerrado is characterized as a biome with a 
history of evolution marked by the presence of natural fire regimes (Alves and Alvarado, 2019; Hardesty 
et al., 2005; Pivello, 2011). In these areas, fire is considered an important element for nutrient cycling 
and for maintaining the diversity and structure of these ecosystems (Pausas and Bond, 2020; Pivello et 
al., 2021). However, anthropogenic influence on fire regimes alters their frequency and seasonality 
patterns, posing a threat to the biodiversity conservation in these landscapes (Carvalho and Mustin, 
2017; Oliveira et al., 2022; Schmidt and Eloy, 2020). 

To assess flora responses to fire, many studies combine controlled fire experiments with extensive 
in situ vegetation monitoring, as observed in studies carried out in savanna areas in Australia (Andersen et 
al., 2003; Williams et al., 2003), Africa (Higgins et al., 2007; van Wilgen et al., 2007) and also in the 
Cerrados of Brazil (Coutinho, 1990; Miranda, 2010). By providing detailed information about the flora 
before the fire and thoroughly monitoring the environmental characteristics during the fire (e.g., fire 
intensity, air temperature, wind speed, air humidity, etc.), the use of controlled fire experiments presents 
advantages over studies that rely on field information only after the fire has occurred (Furley et al., 2008). 

In addition to the use of information collected in-situ, the use of data derived from remote sensing 
has become an effective tool for monitoring the post-fire vegetation regeneration process (Gitas et al., 
2012; Pérez-Cabello et al., 2021). It is worth highlighting the time series of the Landsat and Sentinel-2 
satellite families. They have optical sensors that allow for the derivation of a series of spectral indices 
sensitive to the ecological dynamics of vegetation in different ecosystems (Harris et al., 2011; Hill, 2013). 

One of the most commonly used indices is the Normalized Difference Vegetation Index (NDVI) 
(Rouse et al., 1974), which employs near-infrared and red spectral information to monitor the health of 
vegetation (Pettorelli et al., 2005). It is commonly applied in studies aimed at assessing the impacts of 
events such as deforestation (Alves et al., 2015; Fuentes et al., 2024; Othman et al., 2018) and wildfires 
(Chuvieco et al., 2002; Morton et al., 2011; Torres et al., 2018). Regarding the analysis of burned areas, 
there are specific indices such as the Normalized Burned Ratio (NBR) (Key and Benson, 2006) and its 
variations, including NBR2 (Devries et al., 2016) or NBR+ (Alcaras et al., 2022). These differ from 
NDVI in that they integrate short-wave infrared spectral information. An important topic that combines 
the derivation of spectral indices and the analysis of fire effects refers to studies of spectral separability 
between burned and unburned areas, which contribute to the understanding of the detection and analysis 
of fire-affected areas (Lasaponara, 2006; Pacheco et al., 2023). In optical remote sensing, spectral 
separability is defined as the ability to distinguish different types of objects or land uses and covers 
based on their reflectivity patterns across the electromagnetic spectrum (Rowan et al., 2021). 

The combination of data from Landsat and Sentinel-2 satellites has been increasingly used in 
the literature, based on the application of harmonization procedures (Berra et al., 2024; Claverie et al., 
2017; Frantz, 2019; Nguyen et al., 2020). The main advantage derived from this combination is that 
image acquisition is more frequently available. This helps overcome the challenges of the unavailability 
of cloud-free records in rainy regions, such as the Amazon (Asner, 2001; Roy et al., 2006; Sano et al., 
2007). Furthermore, this increase in the number of multi-temporal records allows for more detailed 
monitoring of vegetation, which is especially important for tropical savannas, where the post-fire 
regeneration process is faster and more complex compared to other types of ecosystems (Alves et al., 
2018; Lhermitte et al., 2011; Veraverbeke et al., 2011). These characteristics are added to factors such 
as fire seasonality and fuel age (time since last fire), which influence the features of the fire and are 
fundamental to understanding its behavior and effects (Alves and Pérez-Cabello, 2017; Fontaine et al., 
2012; Pereira Júnior et al., 2014). 
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This background led to the creation of the Campos Amazônicos Fire Experiment (CAFE) (Alves 
et al., 2022), which was established  to help understand the relationship between fire and flora in 
Amazonian savanna areas. At the same time, CAFE advanced the discussion about the ecological 
meaning of remote sensing derived datasets when compared with data obtained in the field. This is a 
study of experimental fire plots carried out using different seasonality and fire-return interval treatments 
on areas of open physiognomies of the largest savanna enclave of the southern Brazilian Amazon. The 
present work focuses on the evaluation of the dynamics of spectral separability and the post-fire 
vegetation recovery process of these experiments. This assessment is based on the use of a time series 
of harmonized images from Landsat and Sentinel-2 together with fuel loads accumulation data obtained 
in the field. Specifically, the aim is to: a) characterize the extent to which the combined use of Landsat 
and Sentinel-2 allows for an increase in the availability of cloud-free data in the time series; b) evaluate 
the effect of fire seasonality and fuel age on spectral separability using spectral indices; c) monitor the 
process of vegetation recovery after fire using spectral indices and a fuel load dataset obtained in the 
field. Therefore, the potential use of orbital remote sensing data is explored to better understand the 
effects and patterns of post-fire vegetation recovery on Amazonian savanna physiognomies, providing 
useful information for the territorial management process of these areas. 

 

2. Methodology 

2.1. Characteristics of the study area and experimental design 

The study area is located in the middle of the largest enclave of predominance of open vegetation 
physiognomies in the southern Brazilian Amazon (Fig. 1), called Campos Amazônicos Savanna Enclave 
(CASE), which occupies a total of 4342 km² (Alves and Pérez-Cabello, 2017; ICMBio, 2016). The 
topography is marked by flat or gently undulating terrain, with dystrophic soils (neosols marked by the 
presence of plinthite in the B horizon) (ICMBio, 2016; Motta et al., 2002). In terms of climate, the area 
has high average annual temperatures (≈24°C-28°C) and a seasonality marked by a strong concentration 
of precipitation between the months of October and April, which accounts for approximately 85% of 
the ≈2200 mm of annual precipitation (Marengo et al., 2001). Between the months of May and 
September, there is an annual dry season, which coincides with a high number of fires in the area, mainly 
in the central and final months of this season (Alves and Pérez-Cabello, 2017).  

In the context of CAFE, a total of 30 permanent monitoring plots were installed in 2019 in sectors 
of the enclave belonging to the Campos Amazônicos National Park (CANP), a conservation unit managed 
by the Chico Mendes Institute for Biodiversity Conservation that occupies approximately 47% of the total 
CASE area. Each plot was 1 hectare (100 x 100 m), and was divided according to different seasonality 
treatments (Early-Dry Season – EDS; or Middle-Dry Season – MDS fires) and fire-return intervals 
(biennial and triennial fires), which were defined randomly. The definition of seasonality is based on the 
classification of the annual dry season into three periods (Early-Dry Season, Middle-Dry Season and Late-
Dry Season), where the first and last correspond to transition periods in relation to the rainy season. The 
central period includes the longest uninterrupted period of minimal rainfall during the dry season, usually 
occurring between the second half of July and the first half of September (Alves and Pérez-Cabello, 2017). 
The approaches that consider a dual division of the dry season (Early-Dry Season and Late-Dry season) 
can interpret the fire treatment of plots classified here as Middle-Dry Season as Late-Dry Season fires. 

The analysis includes data related to 60 fire experiments conducted between 2019 and 2023 
(Table 1). For the present study, the fire-return interval treatments were reclassified into three fuel age 
classes (time since last fire): i) 10-year-old or older fuel – including 24 fire experiments performed 
during 2019; ii) 2-year-old fuel – including 24 fire experiments carried out during 2021 and 2023; iii) 
3-year-old fuel – including 12 fire experiments performed during 2022. All plot burning events were 
independent and carried out at similar times each day (closest to noon), and simulated the prevalent fire 
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behavior in open vegetation ecosystems using head fires (Cheney and Sullivan, 1997). Every fire trial 
was directly supervised by the CANP fire brigade to ensure safe burning (Alves et al., 2022). 

Figure 1. Location map of the study area (a) and the experimental plots in zones A (b) and B (c) of the 
Campos Amazônicos Fire Experiment (CAFE). In the background, in transparency, Landsat OLI image from 
August 16, 2023 on the upper map; and Sentinel-2 image from July 15, 2019 on the lower maps. EDS - Early-

Dry Season; MDS - Middle-Dry Season; CASE – Campos Amazônicos Savanna Enclave; CANP – Campos 
Amazônicos National Park. 
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Table 1. Types of fire treatment carried out in each permanent monitoring plot of CAFE between 2019 and 2023. 
EDS - Early-Dry Season; MDS - Middle-Dry Season. 

Plot Fire season Fire-return 
interval 

Prescribed fire dates 
(yyyy/mm/dd) 

A01 MDS fire 3 years 2019/08/25; 2022/09/06 
A02 EDS fire 3 years 2019/05/21; 2022/05/25 
A03 MDS fire 3 years 2019/08/25; 2022/09/06 
A04 EDS fire 2 years 2019/05/25; 2021/05/27; 2023/06/03 
A05 Control (unburned) Control (unburned) - 
A06 MDS fire 2 years 2019/08/26; 2021/09/02; 2023/09/08 
A07 MDS fire 2 years 2019/08/26; 2021/09/02; 2023/09/09 
A08 EDS fire 3 years 2019/05/21; 2022/05/26 
A09 Control (unburned) Control (unburned) - 
A10 EDS fire 3 years 2019/05/19; 2022/05/26 
A11 EDS fire 2 years 2019/05/25; 2021/05/27; 2023/05/31 
A12 MDS fire 3 years 2019/08/26;2022/09/07 
A13 MDS fire 2 years 2019/08/26; 2021/09/01; 2023/09/09 
A14 Control (unburned) Control (unburned) - 
A15 EDS fire 2 years 2019/05/25; 2021/05/23; 2023/06/02 
B01 EDS fire 2 years 2019/05/22; 2021/05/26; 2023/05/30 
B02 MDS fire 2 years 2019/08/22; 2021/08/28; 2023/09/06 
B03 Control (unburned) Control (unburned) - 
B04 MDS fire 3 years 2019/08/23; 2022/09/05 
B05 EDS fire 2 years 2019/05/23; 2021/05/25; 2023/05/30 
B06 MDS fire 3 years 2019/08/23; 2022/09/04 
B07 EDS fire 3 years 2019/05/23; 2022/05/24 
B08 MDS fire 2 years 2019/08/24; 2021/08/28; 2023/09/07 
B09 EDS fire 3 years 2019/05/23; 2022/05/24 
B10 EDS fire 2 years 2019/05/24; 2021/05/25; 2023/05/30 
B11 MDS fire 3 years 2019/08/24; 2022/09/03 
B12 Control (unburned) Control (unburned) - 
B13 Control (unburned) Control (unburned) - 
B14 EDS fire 3 years 2019/05/24; 2022/05/23 
B15 MDS fire 2 years 2019/08/22; 2021/08/27; 2023/09/07 

 

The plots were divided into two permanent monitoring zones (Zones A and B) and met the 
following criteria regarding their areas, which were: (i) representative of the dominant open savanna 
vegetation that is characteristic of the region (grasses with scattered shrubs and low tree density); (ii) not 
affected by invasive species; (iii) not influenced by recent fires, i.e., absence of fire for at least 10 years; 
(iv) contiguous homogeneous areas able to accommodate a reasonable number of replicate plots, and (v) 
in close proximity to the CANP main base station, as these were remote areas with difficult access (Alves 
et al., 2022). All plots were established in areas with less than 20% tree cover (and avoiding tree clumps), 
on slopes shallower than 5°, and at least 20 meters from each other. Additionally, each plot was precisely 
placed to provide the best alignment with the pixel grids of the Sentinel-2 and Landsat satellites (covering 
exactly 25 full Sentinel-2 pixels and 9 full Landsat pixels) (Alves et al., 2022). 

 

2.2. Processing of remote sensing data 

The study uses time series from the optical sensors on the Landsat and Sentinel-2 satellite 
families. These series underwent harmonization procedures in order to ensure greater availability of 
information free from the effects of clouds and other atmospheric disturbances. In terms of the analyzed 
time window, all images were processed between 2019 and 2023, totaling five years of monitoring the 
different fire treatments. 
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The following image collections were used as input data: Collection 2 calibrated top-of-
atmosphere (TOA) reflectance derived from the Landsat 7 and Landsat 8 satellites sensors (Enhanced 
Thematic Mapper Plus - ETM+, and Operational Land Imager - OLI, respectively); and Level-1C 
orthorectified TOA reflectance from the Sentinel-2A and Sentinel-2B (both equipped with a 
MultiSpectral Instrument-MSI sensor). These collections underwent different correction procedures to 
complete the harmonization process, based on a set of codifications programmed in a Jupyter Notebook 
environment (JT, 2015) and Google Earth Engine (GEE) (Gorelick et al., 2017), through the adaptation 
and integration of free codes available in the literature (Fig. 2).  

 

 
Figure 2. Processing steps for harmonizing the datasets used. 

 

The procedures generally follow those previously applied by Alves et al. (2022) for the 
evaluation of the spectral separability in selected immediate post-fire records from experimental fires 
carried out during 2019. In addition to expanding the time window of analysis in relation to the previous 
study, this work also uses the most recent Landsat collection (Collection 2), and includes topographic 
correction processes. Each of the procedures performed is detailed below: 

- Atmospheric correction: The TOA images were initially subjected to an atmospheric correction 
process using a common algorithm for Landsat and Sentinel-2 sensors, through a 6S radiative 
transfer model implemented in a Py6s Python API (Wilson, 2013). The application was encoded 
based on the freely available scripts of Nguyen et al. (2020), which in turn adapt a version 
encoded and offered by Murphy (2020). As a result, the Bottom of Atmosphere (BOA) 
reflectance data (also known as surface reflectance) of each collection were obtained. 

- Geometric coregistration: a spatial coregistration was implemented using an Automated and 
Robust Open-Source Image Co-Registration Software (AROSICS) Python API (Scheffler et al., 
2017), which was encoded based on API documentation (http://danschef.gitext.gfz-
potsdam.de/arosics/doc/index.html). The co-registration process was carried out according to a 
phase correlation for sub-pixel shift estimation and reproduced using the cloud-free Landsat 
record as a reference. This record presents the smallest geometric root mean square error 
according to the data producer. 

- Bidirectional Reflectance Distribution Function (BRDF) normalization: the BRDF effects were 
computed and corrected based on the general method developed by Roy et al. (2016) for Landsat 
data using the c-factor approach. This method was also successfully applied over Sentinel-2 
datasets. The correction was performed by applying properly calibrated and band-tested 
coefficients to adjust the viewing angle of the images, resulting in the nadir BRDF-adjusted 
BOA data. BRDF normalization was implemented within the GEE platform and also encoded 
based on the freely available scripts Nguyen et al. (2020). 
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- Topographic correction: to reduce the influence of terrain slope and aspect on the spectral 
signal, a topographic correction was implemented using the sun-canopy-sensor with a semi 
empirical moderator (SCS+C) method (Soenen et al., 2005), which was encoded based on the 
freely available scripts of Nguyen et al. (2020) and Poortinga et al. (2019) in GEE. To obtain 
the elevation and terrain slope parameters required for model reproduction, the Copernicus 
Global 30 meters Digital Elevation Model (DEM) (ESA, 2024) was used. 

- Band pass adjustment: spectral harmonization was processed using the SpecHomo Python 
library (Scheffler et al., 2020). SpecHomo offers different machine learning techniques for the 
prediction of the target sensor spectral information. It employs the Landsat 8 band spectral 
resolution (OLI) as the target sensor and applies the linear regressions with 50 clusters based on 
the best results obtained in tests conducted by library producers (Scheffler et al., 2020). The 
processing was carried out by developing a script based on the documentation provided by the 
authors (https://github.com/GFZ/spechomo). 

 

In order to complete the harmonization, ‘nodata’ masks were applied to pixels affected by cloud 
or cloud-shadows, and all images were reprojected into the same coordinate reference system (WGS 
84/UTM 20S). Also, Sentinel-2 images were resampled to the 30 meters of spatial resolution of Landsat 
pixel grid using an area-weighted average. For specific cases where more than one cloud-free record 
existed for the same date (related to specific dates of overlapping surveys between Landsat and Sentinel-
2), the defined criterion was to prioritize the original Landsat 8 records over all other information, since 
it was the target sensor in the series. For cases where Sentinel-2 and Landsat 7 data overlapped, the 
information related to the former was given priority. 

The resulting harmonized series provided full 9 pixels for each plot intended to spectrally match 
four specific bands of Landsat 8 OLI: red, near infrared (NIR), and short-wave infrared bands (SWIR1 
and SWIR2), considering the band correspondence available on Table 2. The order of implementation 
of the applied correction types follows the same flow defined by Claverie et al. (2017) in the Harmonized 
Landsat and Sentinel-2 (HLS) product of the National Aeronautics and Space Administration (NASA). 
The development of a specific harmonization routine in the context of the present study is explained by 
the fact that the HLS/NASA product neither integrates Landsat 7 (ETM+) images as input data, nor 
maintains the original pixel alignment of the TOA images in its final product. 

 

Table 2. Correspondence between Sentinel 2 (MSI sensor) and Landsat (ETM+ and OLI) spectral bands used in 
the present study. 

Spectral 
band 

Sentinel 2A Sentinel 2B Landsat ETM+ Landsat OLI 
Band Bandwidth 

(µm) 
Band Bandwidth 

(µm) 
Band Bandwidth 

(µm) 
Band Bandwidth 

(µm) 
Red 4 0.65 - 0.68 4 0.65 - 0.68 3 0.63 - 0.69 4 0.63 - 0.69 
NIR 8 0.78 - 0.89 8 0.78 - 0.89 4 0.77 - 0.90 5 0.77 - 0.90 
SWIR1 11 1.57 - 1.66 11 1.56 - 1.66 5 1.55 - 1.75 6 1.55 - 1.75 
SWIR2 12 2.11 - 2.29 12 2.09 - 2.28 7 2.09 - 2.35 7 2.09 - 2.35 

 

Based on the harmonized surface reflectance series, a time series of the spectral indices NDVI 
(Eq. 1) and NBR2 (Eq. 2) was derived, according to the formulas below, where ρ represents the 
reflectance value of the spectral band: 

NDVI = 𝜌𝜌NIR−𝜌𝜌Red
𝜌𝜌NIR+𝜌𝜌Red

     Eq. [1] 

NBR2 = 𝜌𝜌SWIR1−𝜌𝜌SWIR2
𝜌𝜌SWIR1+𝜌𝜌SWIR2

     Eq. [2] 
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The choice of NDVI is associated with its potential to monitor the health status of vegetation 
(Pettorelli et al., 2005). On the other hand, NBR2 was selected due to its high performance of spectral 
separability between burned areas in different fire seasons, as proven in a previous study on the 
immediate effects of fire carried out on part of the sample universe analyzed in the present study (Alves 
et al., 2022). 

 

2.3. Collection and processing of field data 

Although the CAFE context involves a larger universe of data monitored in the field, in the present study 
biomass accumulation measures are evaluated as a proxy to understand vegetation cover recovery 
processes compared to data observed by satellite sensors. Measurements of fine fuel load (above ground 
biomass) were obtained from 8 samples of 0.5 × 0.5 m randomly distributed within each plot. The 
samples included graminoids, leaves, and branches near the ground (Fig. 3). Fresh biomass was dried at 
70°C for 48 hours and weighed, resulting in a total fine fuel load (kg. m-2) measure for each sample 
(Miranda et al., 1996; Rissi et al., 2017). Additionally, the consumed fuel load (kg. m-2) was calculated 
by subtracting the total fine fuel load before and just after fire.  

Since 2019, two annual fine fuel load collection campaigns have been carried out across all plots. The 
first one took place in the initial months of the annual dry season (May or early June) and the second in 
the transition from the central months to the end of the annual dry season (late August/early September). 
When a plot underwent a fire treatment during a given collection window, data from before and after 
the application of fire were generated. For the present study, the analysis includes data obtained in 10 
collection campaigns (May 2019; August 2019, May 2020; August 2020; June 2021; September 2021; 
May 2022; September 2022; May 2023; September 2023), each of which lasted approximately 6 days. 

 
Figure 3. Example of a fine fuel load sample of 0.5 × 0.5 m collected in the field campaigns: before (a) and 

after (b) collection. 

 

2.4. Data analysis 

First, an evaluation of the generated harmonized series was carried out. For this purpose, 
specific records were used where the date of Landsat and Sentinel-2 cloud-free imaging coincided (a 
total of 13 imaging dates). A Pearson correlation statistic (r) between the harmonized Sentinel-2 and 
Landsat data was generated, along with the extraction of its p-values, both for the NDVI and NBR2 
data. It was also evaluated to what extent the combined use of Landsat and Sentinel-2 data increased the 
availability of cloud-free or partially cloud-free images compared to the use of the individual series. 
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Then, the temporal trajectories of each spectral index were grouped by each fire treatment and 
plotted using the ‘ggplot 2’ package within the R software (RCT, 2019). For the visual arrangement of 
the temporal trajectories of the spectral indices, the DATimeS toolbox (Belda et al., 2020) was used in 
order to generate a continuous series of data. This offered multiple algorithms to fill gaps of time series 
data. The NDVI and NBR2 series were processed using the shape-preserving piecewise cubic 
interpolation algorithm (Fritsch and Carlson, 1980). This algorithm avoided excessive smoothing of data 
in situations of abrupt changes in the time series. It was used in combination with a Savitzky-Golay filter 
(span = 7; degree = 2) to provide a continuous record every five days in the period from 2019 to 2023 
for each fire treatment carried out. To assist in visualizing the seasonality of the area, daily precipitation 
data derived from the Climate Hazards Center InfraRed Precipitation with Station data (CHIRPS) 
product (Funk et al., 2015) were extracted and plotted together with the generated indices time series. 

In addition to the visual assessment of changes in trajectories, statistics were extracted to 
understand the spectral separability of each index in the face of fire occurrences, grouping the plots 
according to seasonality and time since the last fire treatments. To this end, the mean absolute difference 
between the burned and unburned values in the immediate post-fire conditions of each plot was extracted 
and compared between the groups. Furthermore, M-Statistics was used, a statistic widely employed to 
analyze spectral differences in fire-affected areas that quantifies “histogram separation” based on the 
mean and standard deviation relations (Fornacca et al., 2018; Kaufman and Remer, 1994; Pacheco et 
al., 2023). Values of M-Statistics greater than 1 suggest good spectral separability between groups 
(Kaufman and Remer, 1994). These statistics were further compared with consumed fuel load values, 
exploring the correspondence between spectral and field values through correlation analysis. The two-
way Analysis of Variance (ANOVA) (p < 0.05) and Post-hoc Tukey (p < 0.05) tests were also performed 
to evaluate whether or not there were statistically significant differences between fire treatment groups. 
Only results that passed the normality (Kolmogorov-Smirnov test, p > 0.05) and homoscedasticity 
(Levene's test, p > 0.05) tests were considered in the analysis. 

Finally, to assess the vegetation recovery process after the fire, we focused on analyzing the 
time period from 2019 to 2022, considering the plots burned during 2019. This time frame offered a 
longer time window of post-fire information without the effects of a second fire on the same plot, 
allowing us to evaluate the variation in pre-fire conditions, immediate post-fire conditions, and one to 
three years after fire. Therefore, M-Statistics spectral separability calculations were generated for 
records up to three years after the fire and analyzed together with fine fuel load accumulation to evaluate 
the vegetation recovery process. 

 

3. Results 

3.1. Evaluation of the generated harmonized time series of spectral indices 

Of the total of 488 images available from all sensors in the period from 2019 to 2023, only 
40.16% were considered relevant, as they provided information that was partially or totally free of 
clouds, cloud shadow, or other atmospheric disturbance effects. Of this total, 74 belonged to the Landsat 
series (OLI = 52; ETM+ = 22), and another 122 to the Sentinel-2 series (2A/MSI = 66; 2B/MSI = 56). 
In other words, the combined use of Landsat and Sentinel 2 provided an increase of 62.81% in cloud-
free or partially cloud-free images when compared to the exclusive use of the Landsat series, or 38.69% 
in relation to the exclusive use of the Sentinel-2 series. 

Based on the comparison of specific records in which the Landsat and Sentinel-2 imagery dates 
coincide, it was possible to evaluate the consistency of the generated harmonized product. High levels 
of correlation were observed for both the NDVI values (r = 0.912; p < 0.01) and the NBR2 index (r = 
0.948; p < 0.01) (Fig. 4). 
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Figure 4. Scatterplots comparing harmonized Landsat and Sentinel-2 NDVI (a) and NBR2 (b) values (n = 
2561), considering data from coincident imaging dates between the series in the period from 2019 to 2023. 

 

3.2. Spectral separability and dynamics of vegetation recovery after fire 

The different fire treatments applied reflected marked variations in the trajectories of the 
harmonized NDVI (Fig. 5) and NBR2 (Fig. 6) series. In both indices, the control plots (fire-excluded) 
presented an annual cycle of decreasing values associated with the effects of water stress during the dry 
months, which were slightly more pronounced in the NDVI values compared to the NBR2 index. On 
the other hand, it was observed that the plots treated with fire, regardless of the variation in the type of 
treatment, generated abrupt drops in the NDVI and NBR2 values as an immediate effect of the burning. 

 

 
Figure 5. NDVI harmonized time series from 2019 to 2023 grouped by EDS (Early-Dry Season) fires (b) and 
MDS (Middle-Dry Season) fires (c) fire treatments versus control plots. Daily precipitation (a) is also shown 

as auxiliary information based on a CHIRPS dataset. 
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Figure 6. NBR2 harmonized time series from 2019 to 2023 grouped by EDS (Early-Dry Season) fires (b) and 
MDS (Middle-Dry Season) fires (c) fire treatments versus control plots. Daily precipitation (a) is also shown 

as auxiliary information, based on a CHIRPS dataset. 

 

These visual differences in the immediate effects of fire for all fire treatments were observed in 
high spectral separability values for both indices (M-statistics mean ± standard error of 8.773 ± 2.200 
for NDVI; and 8.866 ± 1.321 for NBR2) (Table 3). When comparing the mean absolute difference 
(burned – control plot values), the two-way ANOVA test revealed statistically significant differences 
between the fire treatment groups for the NBR2 index only in relation to both seasonality groups (F = 
81.550; p = 7.74⋅10−12) and time since last fire (F = 15.205; p = 8.08⋅10−6). 

 

Table 3. Spectral responses of the NDVI and NBR2 indices to different seasonality and fuel age treatments in 
terms of mean absolute difference (burned – control) and M-Statistics, as well as their respective mean values of 

consumed fuel loads recorded in the field. EDS - Early-Dry Season; MDS - Middle-Dry Season. 

Season 
Time since 

last fire 
(fuel age) 

NDVI NBR2 Consumed 
fuel load 
(kg. m-2) 

Mean absolute 
difference 

M-Statics Mean absolute 
difference  

M-Statics 

EDS ≥ 10 years 0.144 4.628 0.147 4.955 0.525 
EDS 3 years 0.203 8.796 0.161 9.008 0.618 
EDS 2 years 0.148 5.157 0.116 6.283 0.431 
MDS ≥ 10 years 0.159 5.867 0.235 9.947 0.760 
MDS 3 years 0.157 19.092 0.213 14.266 0.720 
MDS 2 years 0.148 9.099 0.175 8.737 0.546 

Average 0.160 8.773 0.174 8.866 0.600 
Sd 0.022 5.391 0.043 3.235 0.124 
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NBR2 presented a pattern of abrupt drops in its values. On average they were 66.34% higher 
for MDS fires than for EDS fires (0.208 mean values for MDS fires versus 0.138 for EDS fires). Among 
the time since last fire treatments, the results of the Tukey HSD test revealed that the drops in NBR2 
values in the burned areas with a fuel age of two years (0.147 mean values) were significantly smaller 
than those observed in the areas with a fuel age of 3 and 10 years (0.194 and 0.191 values, respectively). 
The mean absolute difference values of NBR2 also showed a strong correlation with the consumed fuel 
load data obtained in the field (r = 0.646). This contrasts greatly with the same analysis carried out in 
relation to the NDVI data (r = 0.032). 

Focusing on the time frame between 2019 and 2022 for the EDS and MDS triennial treatments 
helps assess the vegetation recovery process from fire. In the multitemporal trajectories of the NDVI 
and NBR2 indices (Fig. 5 and Fig. 6), it was observed that after registering abrupt drops in their values 
in response to the immediate effects of fire in 2019, these areas underwent a gradual greening up process 
in the remainder of the year, which continued until approximately the end of the rainy season of the 
following year. 

The beginning of the dry season of the year following the fire is marked by values that 
sometimes even exceed those observed in fire-excluded plots, especially in the NDVI index. This 
situation was observed in the months of May and June 2020, in response to the fire experiments 
reproduced in 2019, and was again noticeable in the same months of 2022 in response to the fire 
experiments reproduced in 2021. Throughout the dry season of the year following the fire, the burned 
plots again presented lower values than the unburned plots, a fact observed with greater magnitude in 
the NBR2 values of the MDS fires. After two years, such differences were no longer clearly noticeable. 

This pattern of vegetation recovery described from the index trajectories was visualized both in 
the spectral separability assessment (M-Statistics) and in the data on the fine fuel loads accumulation in 
the three years following the fire (Table 4). In terms of M-Statistics, after presenting consistently high 
values in the immediate post-fire period in 2019 (ranging from 4.628 to 9.947), values greater that 1 
were only observed at the end of the dry season of the year following the fire. This denotes good spectral 
separability, especially in the NBR2 values. 

 

Table 4. Temporal variation of spectral separability (M-Statistics) based on the evaluation of data from the 
years following the experiments carried out in 2019, accompanied by the values corresponding to the 

accumulation of fine fuel loads. EDS - Early-Dry Season; MDS - Middle-Dry Season. 

Year Month 
and day 

NDVI  
M-statistics 

NBR2  
M-statistics 

Fine fuel load 
accumulation (kg. m-2) 

EDS  MDS  EDS  MDS  EDS  MDS  
2019 

(pre- and immediate 
postfire) 

May 17 0.011 0,033 0.098 0.083 0.727 0.736 

* 4.628 5.867 4.955 9.947 0.190 0.048 

2020 
(after 1 rainy season) 

May 27 0.893 0.176 0.234 0.290 0.453 0.420 
Aug 23 0.026 1.097 1.418 3.283 0.496 0.441 

2021 
(after 2 rainy seasons) 

April 28 0.077 0.061 0.610 0.472 0.609 0.601 
Aug 18 0.350 0.313 0.492 0.014 0.628 0.657 

2022  
(after 3 rainy seasons) 

May 10 0.046 0.065 0.046 0.065 0.780 0.797 
Aug 13 ** 0.304 ** 0.077 ** 0.798 

*May 25 for EDS; and Aug 29 for MDS fires; ** values not considered as the plots underwent a new fire at June 2022. 

 

The variation in the fine fuel accumulation data (Table 4) is consistent with the rapid recovery 
process depicted by the spectral indices. Once a rainy season had passed after the application of fire 
treatments, an average recovery of 48.98% and 54.07% of the fine fuel consumed by the EDS and MDS 
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fires, respectively, was recorded. After two years, at the beginning of the dry season of 2021, this 
recovery reached 78.02% for EDS and 80.38% for MDS fires. Finally, at the beginning of the dry season 
of 2022 (three rainy seasons after the fire), this recovery already reached a level similar to, and even 
slightly higher than, the fine fuel accumulation conditions observed before the fire. Figure 7 exemplifies 
the comparisons made in Table 3, helping to understand the vegetation recovery process. It is noteworthy 
that, despite the differences in the fuel loads consumed in immediate EDS and MDS post-fire situations, 
both treatments reached fine fuel accumulation values similar to those observed in pre-fire conditions 
three rainy seasons after the fire. 

 

 

Figure 7. Vegetation dynamics comparing pre-fire (b), immediate post-fire (b), and three rainy seasons 
completed after fire (c) in sectors of A02 (Early-Dry Season - EDS triennial fire) and A01 (Middle-Dry 

Season - MDS triennial fire) plots. Each photograph includes the date, the average NDVI and NBR2 values, 
as well as the total fine fuel load observed in the aforementioned plot. 
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4. Discussion 

The generation of a time series of spectral indices from harmonization processes ensured a 
significant increase in the availability of images used, namely 62.81% in relation to the exclusive use of 
the Landsat series, or 38.69% in the case of the Sentinel-2 series. These results were consistent with 
those observed by Bolognesi et al. (2020), who indicated that the inclusion of Landsat 8 data increased 
the number of images available by more than 40% compared to the exclusive use of Sentinel-2 images. 
The proportion of cloud-free images found here also matches that discussed by Claverie et al. (2018), 
who indicated that using the HLS/NASA dataset increased the availability of cloud-free images by 30-
50% compared to using one dataset alone. In terms of verifying the quality of the series, the comparison 
of the specific records in which the Landsat and Sentinel-2 imagery dates coincided revealed high levels 
of correlation for both NDVI (r = 0.91) and NBR2 (r = 0.95) values. When assessing spectral 
correspondence between Landsat 8 and HLS/NASA, Wulder et al. (2021) found correlation levels 
ranging from 0.85 to 0.92 for spectral channels and r = 0.94 for NBR. 

Based on the harmonized time series, it was possible to advance discussions on spectral 
separability between burned and unburned areas in open savanna vegetation ecosystems of the Brazilian 
Amazon. This study improves a previous one that focused on evaluating the effects of fire seasonality 
in immediate post-fire conditions (Alves et al., 2022). More precisely, in addition to reinforcing the role 
of fire seasonality using a much larger dataset of experimental fires (60 versus 24 that were previously 
evaluated), the importance of the time since last fire (fuel age) variable for the spectral separability of 
fire was also proven. 

Regarding seasonality, the mean absolute difference NBR2 values showed abrupt drops that 
were 66.34% higher for MDS fires than for EDS fires. This is largely explained by the fact that EDS 
fires are generally cooler and less intense in comparison with MDS fires (Alves et al., 2022; Andersen 
et al., 2003; Rissi et al., 2017), generating different levels of consumed fuel loads. 

In the evaluation of spectral separability between different fire treatments of fuel age, areas with 
2-year-old fuels presented mean absolute difference NBR2 values with statistically significant 
differences in relation to areas with 3 or 10-year-old or older fuels. The fine fuel load accumulation data 
collected in the present study helped interpret this information: 3-years-after-the-fire areas reached fine 
fuel accumulation levels already similar to those observed in plots that had been free of fire for 10 years 
or more. The importance of fuel age is demonstrated in studies such as that of Halsey et al. (2009) in 
chaparral ecosystems, where 3-year-old fuel age is associated with fire spread conditions under moderate 
weather. In an analysis of tropical savanna ecosystems in Australia, Collins et al. (2023) found that areas 
treated with fire to reduce fuel three to five years ago were already likely to experience high-severity 
fires under critical drought conditions. Unlike NBR2, NDVI was not specifically designed to understand 
burned areas, but rather the state of vegetation in general, which may explain its worse performance in 
comparing spectral separability between the different fire treatments. 

These results reinforce the potential of combined use of the Landsat and Sentinel-2 time series 
to provide a denser and spectrally consistent time series, assisting to overcome the challenges of the 
unavailability of cloud-free records in rainy regions, such as the Amazon (Sano et al., 2007). Although 
the results focused on the evaluation of Amazonian savanna areas, our bespoke approach to harmonizing 
Landsat and Sentinel-2 can be applied to assess the effects of fire on different types of ecosystems, and 
is especially valid for monitoring areas strongly influenced by seasonality, such as other tropical 
savannas and grasslands landscapes across the globe. However, limitations in using this harmonized 
series may still occur for studies that require more detailed information during the rainiest months of the 
year, such as specific applications related to understanding the phenological dynamics of certain groups 
of plants. In these cases, from the point of view of optical remote sensing applications, there are other 
alternatives such as carrying out systematic imaging using multitemporal sensors on Unmanned Aerial 
Vehicles (UAVs) (Pineda Valles et al., 2023), or even through the installation of terrestrial digital 
cameras (phenocams) for daily monitoring of plant dynamics in specific areas (Alberton et al., 2017). 
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Such alternatives can provide even greater levels of detail than those presented in this study, generating 
information with greater spatial and temporal resolution that allows for the analysis of more specific 
targets associated with the monitoring of fire-affected areas. 

When assessing the vegetation recovery process, it could be seen that the fire scar signal 
observed immediately after the fire gradually recovered in the following years. After three rainy seasons, 
its effects were no longer noticeable in terms of vegetation indices or data on the accumulation of fine 
fuel loads. The areas analyzed reflected, in general terms, a pattern observed in other grassland and 
savanna areas of the world, where recovery occurs three years after the fire (Bousquet et al., 2022). 
Regarding the combustible material data, the results achieved are similar to those observed by Oliveira 
et al. (2021) who found that post-fire recovery of fuel loads takes, on average, 2.43 years. 

However, it is important to note that the recovery of the vegetation evaluated here largely 
reflects the responses of the herbaceous layer, which is dominant in the Amazonian savanna 
physiognomies assessed. Although woody species occupy a reduced space in these areas, the effects of 
different fire treatments can result in various levels of mortality and treetop kill, affecting the dynamics 
of plant regeneration and the diversity of species in the area (Hoffmann et al., 2009). Still in relation to 
the herbaceous layer, Laurentino (2023) recorded an increase in species diversity in burned areas with 
2-year-old fuel age compared to areas with 10- or more years-old fuel age, regardless of fire seasonality, 
using the same sample universe as the present study. Such factors observed in tree species and at the 
species level of the herbaceous stratum may help to explain the higher NDVI values (see Fig. 5) up to 
two years after fire compared to unburned areas. 

 

5. Conclusions 

This study reinforces the potential of using harmonized multitemporal Landsat and Sentinel-2 
series for the analysis of spectral separability and the vegetation recovery process in Amazonian 
savannah environments. The combined use of Sentinel-2 and Landsat resulted in an availability of cloud-
free or partially cloud free images ≈0.6 times greater than that obtained with the exclusive use of Landsat 
images, ensuring a more detailed reading of the multitemporal variation of spectral indices related to 
vegetation responses to fire. 

In the spectral separability analyses associated with the different fire seasonality and fuel age 
treatments, the potential of the NBR2 index stood out, as it responded with statistically significant 
differences both when comparing the groups of EDS and MDS fires and when comparing areas with 2-
year-old fuel to those with 3-year-old fuel or more than 10-year-old fuel age. The same index also 
showed a strong correlation with the data on the consumed fine fuel load, highlighting its potential as 
an indicator of fire severity in open ecosystems of Amazonian savannahs. 

Spectral information from satellites and field data converged in detecting a rapid vegetation 
response to fire in these ecosystems. This demonstrates that, three rainy seasons after the fire, conditions 
are similar to those observed before it. In summary, the results of this study reinforce the potential use 
of remote sensing data in the assessment of fire-affected areas in Amazonian savannah environments, 
exploring the ecological meaning and the connections between field and satellite data. 
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