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Abstract

The Amazon River Basin has experienced an increase in the frequency and intensity of
major drought events in the 21st century, driven by climate oscillations and anthropogenic
pressures, placing the region at risk of reaching an ecological tipping point. Given this
scenario, this study aimed to evaluate the spatiotemporal variability in the impact of major
droughts between 2001 and 2024 on the basin's vegetative vigour, using the Enhanced
Vegetation Index (EVI) and Modified Normalised Difference Water Index (MNDWI) spectral
indices. To this end, time-series processing of the MODIS sensor collections MOD13A3 and
MODO9GA was performed on the Google Earth Engine platform, applying dynamic water
masks to ensure the accuracy of biomass data. The results indicated that the years 2005,
2010, 2016, and 2024 had the smallest surface water extents in the basin, consistent with
El Nifio events. It was observed that while the Central Amazon demonstrated greater
phenological resilience, the Arc of Deforestation region exhibited severe declines in
vegetative vigour during dry periods.

Keywords: Remote Sensing; MODIS; Google Earth Engine; EVI; El Nifio.

Resumo

A bacia do rio Amazonas tem enfrentado um aumento na frequéncia e na intensidade de
grandes eventos de seca no século XXIl, impulsionados por oscilagdes climaticas e
pressdes antropogénicas, o que coloca a regidao em risco de atingir um ponto de inflexdo
ecoldgico. Diante desse cenario, este estudo teve como objetivo avaliar a variabilidade
espaco-temporal do impacto de grandes secas ocorridas entre 2001 e 2024 sobre o vigor
da vegetagdo da bacia, utilizando os indices espectrais indice de Vegetacédo Aprimorado

129


mailto:pfrgrande@gmail.com
mailto:contatoraianepereira@gmail.com
mailto:everton.silva@unifal-mg.edu.br
mailto:marcelo.latuf@unifal-mg.edu.br

Caderno de Geografia (2026) v.36, Numero Especial 2
ISSN 2318-2962
DOI 10.5752/p.2318-2962.2026v36nesp2p129

(EVI) e indice de Agua por Diferenca Normalizada Modificado (MNDWI). Para tanto, foi
realizado o processamento de séries temporais das colecbes de sensores MODIS
MOD13A3 e MODO9GA por meio da plataforma Google Earth Engine, aplicando mascaras
de agua dindmicas para garantir a precisdo dos dados de biomassa. Os resultados
indicaram que os anos de 2005, 2010, 2016 e 2024 registraram as menores extensodes de
agua superficial na bacia, em consonancia com a ocorréncia de eventos de El Nifo.
Observou-se que, enquanto a Amazdnia Central demonstrou maior resiliéncia fenoldgica,
a regiao do Arco do Desmatamento apresentou declinios acentuados no vigor da vegetagao
durante os periodos de seca.

Palavras-chave: Sensoriamento Remoto; MODIS; Google Earth Engine; EVI; El Nifio

1. INTRODUCTION

The river basins of the main Amazonian rivers are among the largest in the world
(Latrubesse, 2008). Precipitation seasonality, both in their headwaters and along their
courses, conditions the occurrence of well-defined hydrological cycles, characterized by an
annual high-water and a low-water season, also referred to as the aquatic and terrestrial
phases (Peleja, 2012). However, due to climatic and hydrographic variability, the magnitude
of floods and droughts, as well as the average river level amplitude, vary considerably
across the different regions of the Amazon Basin (Piedade et al., 2013).

Furthermore, several studies point to a correlation between Sea Surface Temperature
(SST) anomalies in the Equatorial Pacific (El Nifio, La Nifia) and the Tropical Atlantic with
the basin's rainfall regime (Richey et al., 1989; Foley et al., 2002; Aalto et al., 2003; Ronchail
et al., 2005; Schongart; Junk, 2007; Marengo et al., 2011). Consequently, several drought
events in the Amazon Basin, such as those of 1925/26, 1982/83, and 1997/98, occurred in
association with El Nifio periods, resulting in reduced flooding and a prolonged terrestrial
phase in its floodplain regions (Schongart et al., 2004; Marengo et al., 2008).

Although droughts are part of the natural dynamics of the Amazon region,
anthropogenic factors such as deforestation, forest degradation, and rising global
temperatures have caused an increase in the frequency and intensity of droughts in the
Amazon (Coelho et al., 2012; Espinoza et al., 2024). In this sense, while the last century
recorded four extreme droughts, the 21st century has already equaled this total within its
first 25 years (Costa et al., 2024). The years 2005, 2010, 2015/16, and 2023/24 were marked
by historical droughts that progressively surpassed one another, with record maximum
temperatures and precipitation below the historical average (Papastefanou et al., 2022;
Espinoza et al., 2024).
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These events impact the provision of essential resources for the sustenance of
Indigenous Peoples and Local Communities (IPLCs), who depend on the forest's integrity
to meet their basic needs, such as food, fibers, and oils (Shanley; Luz, 2003). Furthermore,
studies conducted in the Brazilian Amazon indicate that approximately 6 million people in
the region rely on the forest and the management of non-timber forest products (NTFPs) for
their livelihoods (Lopes et al., 2019).

The worsening water deficit and the alteration of hydrological cycles increase the risk
of the region crossing a "tipping point," which would result in the irreversible reduction of
biological diversity and carbon stocks (Hirota et al., 2021). It is estimated that by 2050,
between 10% and 47% of the forest could reach this critical threshold, which would tend to
exacerbate social inequalities and hinder the consolidation of a socio-bioeconomy based on
healthy forests (Flores et al., 2024).

The reduction in rainfall during drought periods also influences vegetation, which
exhibits high spatial variability. Tree growth in floodable environments is greater during the
terrestrial phase (Peleja, 2012), which is prolonged during El Nifio events. This condition
favors the growth of certain tree species adapted to low-lying floodplains (low-varzea), which
exhibit significantly wider growth rings in El Nifio years (Schongart et al., 2002).

On the other hand, as they are more influenced by precipitation, terra firme forests
experience a decrease in photosynthesis rates, increment, and productivity, as well as an
increase in mortality during water deficits, potentially becoming carbon sources during these
periods (Schongart et al., 2004; Phillips et al., 2009). Furthermore, there is an increase in
the occurrence of fire events during drought events due to rising air temperatures and the
accumulation of fuel load from dry leaf litter and senescent trees (Costa et al., 2024).

From a climatic perspective, drought events are defined by insufficient precipitation
over a prolonged period or by the temporal inadequacy of rainfall relative to the demands of
the vegetation cover (Van Lanen et al., 2017). Hydrological drought, in turn, encompasses
negative anomalies in surface and subsurface water reserves and is subdivided into
streamflow drought, which affects river discharge, and groundwater drought, referring to the
lowering of aquifer levels (Van Loon, 2015).

Droughts can be classified according to their severity and the duration of their impacts
(Van Lanen et al., 2017). For the National Water and Sanitation Agency (ANA), the federal
body responsible for regulating the use of water resources in Brazil, droughts lasting less
than eight months are considered short-term, while those extending for more than nine

months are long-term droughts. Drought intensity is divided into five categories, ranging
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from mild drought, which occurs on average every two to five years, to exceptional drought,
which occurs once every 50 to 100 years (ANA, 2026).

Given this, there is a substantial need to monitor these phenomena to understand
behavioral patterns or correlations between environmental variables that elucidate the
intensification of drought profiles in extensive hydrographic regions, as in the case of the
Amazon River Basin. In this context, remote sensing has established itself as an
indispensable tool for monitoring terrestrial dynamics, allowing for continuous data
acquisition across large spatial and temporal scales (Jensen, 2009).

By working with the amount of electromagnetic radiation reflected by terrestrial objects
in different spectral bands, remote sensing enables the calculation of spectral indices aimed
at monitoring and quantifying vegetation conditions and spatial distribution, based on an
understanding of the spectral behavior of targets (Liu, 2015).

Bannari et al. (1995) identified more than 40 vegetation indices derived from satellite
data developed to analyze the spectral signature of vegetation in remote monitoring. The
authors emphasize that this spectral response is modulated by a complex interaction among
multiple factors, including vegetation composition, environmental conditions, soil properties,
and the spatiotemporal variability of atmospheric conditions.

Among the primary vegetation indices, the Enhanced Vegetation Index (EVI),
proposed by Huete et al. (1997), represents an advancement over the established
Normalized Difference Vegetation Index (NDVI) (Rouse et al., 1973), as it was designed to
correct distortions caused by soil background signals and atmospheric conditions
(Karkauskaite; Tagesson; Fensholt, 2017). According to Didan and Munoz (2019), EVI
exhibits greater sensitivity in high-biomass regions by better differentiating soil and
vegetation through the decoupling of the canopy background signal, while also experiencing
less atmospheric interference.

The EVI calculation incorporates the nonlinear relationship between surface
reflectance and vegetation density, in addition to utilizing the blue light band along with the
red and near-infrared (NIR) bands already used in the NDVI. This results in more robust
values for analyzing vegetation health and vigor, especially in environments with high
atmospheric interference (Jaafar et al., 2015). Consequently, various studies have found
higher accuracy in EVI compared to NDVI regarding seasonal vegetation patterns (Huete et
al., 2002; Novo et al., 2005; Galvao et al., 2013; Rosa et al., 2013; Melo et al., 2024).

In view of this, the objective of this study was to evaluate the spatiotemporal variability

of the impact of major 21st-century droughts on the vegetative vigor of the Amazon River
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Basin using the Enhanced Vegetation Index (EVI) and Modified Normalized Difference
Water Index (MNDWI) spectral indices derived from MODIS products.

2. MATERIALS AND METHODS

To conduct this study, cloud computing techniques were employed, involving both

vector and raster spatial data. Figure 1 presents the methodological flowchart implemented:
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Figure 1 - Methodological flowchart.

The vector data comprised the watershed shapefile provided by the HydroSHEDS
platform (Lehner; Grill, 2013) at the following URL: https://www.hydrosheds.org/products/

hydrobasins, from which the Amazon River Basin polygon was extracted. Additionally,
boundaries for South American countries and Brazilian federative units (states) were used,
both acquired from the Metadata Catalog of the National Water and Sanitation Agency
(ANA), available at https://www.metadados.snirh.gov.br/.

The raster data consisted of the MOD13A3 v. 6.1 and MODO9GA v. 6.1 collections

from the Moderate-Resolution Imaging Spectroradiometer (MODIS), which provide monthly

vegetation index products and daily surface reflectance, respectively. All collection
processing was performed on the Google Earth Engine cloud platform, which enables the
processing of large-scale data volumes via JavaScript programming in the Code Editor API
(Gorelick et al., 2017).

Initially, it was necessary to standardize the temporal and spatial resolutions of the
raster data, given that the MOD13A3 products are provided monthly with a resolution of
1,000 x 1,000 meters per cell, while the MODO9GA data are daily and have bands with 500

x 500-meter cells. To achieve this, the monthly median of the MODO9GA reflectance data

133


https://www.hydrosheds.org/products/%20hydrobasins
https://www.hydrosheds.org/products/%20hydrobasins
https://www.metadados.snirh.gov.br/

Caderno de Geografia (2026) v.36, Numero Especial 2
ISSN 2318-2962
DOI 10.5752/p.2318-2962.2026v36nesp2p129
was calculated, and the cells were resampled to 1,000 x 1,000 meters based on the mean
of all original grid pixels that overlapped the new pixel.

Regarding the MODIS vegetation index products, the MOD13A3 collection includes
the Normalized Difference Vegetation Index (NDVI) (Rouse et al., 1973) and the Enhanced
Vegetation Index (EVI) (Huete et al., 1997). Given the characteristics of the study area, the

EVI was selected for this study. The EVI calculation is defined by Equation 1:

EVI =G NIR — Red (1)

NIR + C1 X Red — C2 X Blue + L

Where NIR, Red, and Blue represent the surface reflectance for the near-infrared, red,
and blue bands, respectively; G is the gain factor; C1 and C2 are the aerosol resistance
coefficients; and L is the canopy background adjustment. The coefficients adopted for the
MODIS MOD13A3 EVI algorithm are: G=2.5,C1=6,C2=7.5,and L = 1.

Given the high absorption of electromagnetic radiation by water bodies, which can lead
to the underestimation of average EVI values, it was necessary to generate a water mask
for each monthly image. To this end, for each monthly median image generated from the
MODO9GA collection, a cloud mask was applied using the 'state_1km' band, and the
Modified Normalized Difference Water Index (MNDWI), proposed by Xu (2006), was
calculated using bands 4 (545-565 nm) and 6 (1,628—1,652 nm).

Thus, potentially flooded areas were excluded from the EVI analysis, and their monthly
average areas were quantified. It is important to note that the dynamic water mask was
employed solely for calculating the basin's monthly average EVI values and was not applied
to the rasters that generated the cartographic products of this study.

The pre-processed database consisted of a time series of 288 monthly EVI images,
covering the 24-year analysis period (2001-2024). From this series, annual averages, long-
term monthly averages, and an overall mean for the entire period were generated. To
evaluate oscillations in the vegetative vigor of the Amazon River Basin, annual EVI
deviations were calculated by subtracting the overall historical mean from the mean of the
major drought years of this century.

Monthly spatial averages of EVI and surface water area were exported and processed
in a spreadsheet environment, where tables and charts were generated. QGIS software

version 3.34.2-Prizren was used for the development of the thematic maps.
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3. RESULTS AND DISCUSSION

Since the early 21st century, the Amazon River Basin has been influenced by at least
four El Nifio phenomena, occurring in the years 2002/03, 2006/07, 2009/10, 2015/16, and
2023/24 (CPTEC, 2024; Peng et al., 2025). Between 2001 and 2024, the mapped surface
water area of the basin exhibited minima consistent with the major recent droughts
documented in the literature (Borma; Nobre, 2013). The years 2005, 2010, 2016, and 2024

showed the lowest mean surface water area values in the basin (Figure 2).

Surface water area (km2)
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Figure 2 - Annual dynamics of mean EVI and surface water area in the Amazon River Basin (2001-2024).

Coelho et al. (2013) demonstrate that the drought events observed in 2005 and 2010
were caused by SST anomalies in the Equatorial Pacific and the Tropical North Atlantic, with
the latter reaching the highest recorded SST values in 2010. Gatti et al. (2023) evaluated
the carbon balance in the Amazon between 2010 and 2020 and pointed to extreme carbon
emissions in the region during the 2015 and 2016 El Nifio.

Between 2001 and 2024, the study area obtained a mean EVI of 0.496, reaching its
maximum annual mean in 2017 and its minimum in 2010, with values of 0.502 and 0.489,
respectively. The uniformity of the annual EVI means, observed by the standard deviation
of 0.004 and presented in the graph in Figure 2, may mislead toward a simplistic
interpretation of the basin's reality, in which vegetation dynamics would supposedly not be
affected by fluctuations in water availability.

In this sense, reducing the vegetation behavior of the basin to an annual spatial
average is insufficient to identify critical drought periods due to its vast extent, which, besides
varying spatially with different hydrological and climatic dynamics, also exhibits temporal
variability throughout the annual cycle.
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When evaluating the long-term monthly average of the basin's surface water area
(Figure 3), an increase in the water surface is observed between February and May, with a
decrease from June to October. Junk et al. (1989) defined this water oscillation in two
phases: the high-water or aquatic phase and the low-water or terrestrial phase. This flood
cycle is of great importance to Amazonian vegetation, as it plays a key role in nutrient cycling
and water storage (Piedade et al., 2013).

Surface water area (kmz2)
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Figure 3 - Monthly dynamics of mean EVI and surface water area in the Amazon River Basin (2001-2024).

The obtained data indicate a decrease in the mean EVI value during the aquatic phase
and an increase in the index as the flooded area recedes. This behavior corroborates studies
on Amazonian vegetation phenology, which show that different species shed their leaves
during the aquatic phase, while others rely on the dry season for their development
(Schongart et al., 2002; Parolin et al., 2010).

During the flood phase, trees face conditions of hypoxia or anoxia in the root system
due to soil saturation (Piedade et al., 2013). To circumvent this situation, many species have
developed morphological and physiological adaptations, such as the production of
adventitious and stilt roots, increased tissue porosity for aerenchyma formation, and the
capacity for anaerobic metabolism (Ferreira et al., 2010). The cambial activity of many
species enters a state of dormancy during flooding, resulting in partial or total leaf loss to
reduce water loss, as root absorption is hindered (Horna et al., 2002; Piedade et al., 2013).

Given the vast and diverse scope of the Amazon River Basin, the spatialization of the
variables presented here is fundamental. Based on Figure 4, a decrease in mean EVI values
is observed between June and September in the southeastern region of the basin, known
as the Arc of Deforestation.
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Figure 4 - Monthly mean Enhanced Vegetation Index (EVI) in the Amazon River Basin (2001-2024).
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Conversely, forest formations in the Central Amazon proved to be more resilient than

those under anthropogenic pressure, sustaining high EVI values even during dry spells. In
this regard, Parolin et al. (2010) note that these species exhibit a set of adaptive strategies
that enable them to survive the conditions imposed by both flood and drought periods.

The analysis of the spatial dynamics of severe droughts in the Amazon Basin over the

past two decades reveals a pattern of increasing intensity and a notable geographical

variation in their impacts on vegetation vigor (Figure 5). The 2005 event (Figure 5a), for

example, concentrated its most prominent effects in the eastern portion of the Brazilian

Amazon and significantly affected the Xingu and Araguaia river basins.
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Figure 5 - Impact of major 21st-century droughts on the vegetative vigor of the Amazon River Basin.

Source: Lehner & Grill
(2013): LP DAAC (2024);
ANA (2010).

Coordinate System: GCS
WGS 1984 (EPSG: 4326)
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Subsequent events suggest an intensification of drought severity in certain locations
and demonstrate the recurrence of the phenomenon in specific areas. Regions in Bolivia,
for instance, were repeatedly impacted during the droughts of 2010, 2016, 2023, and 2024.
However, each event exhibited a distinct spatial signature. Costa et al. (2024) point out that
during El Nifio years, rivers with headwaters in the Northern Hemisphere are more affected
by drought due to the concomitance of these events with the natural low-water period, as
observed in 2009/10 and 2015/16.

The 2015 (Figure 5c) drought was notable for its expansion toward the westernmost
basins, where the impact on vegetation significantly advanced into the upper reaches of the
basin. In contrast, in 2016 (Figure 5d) and 2024 (Figure 5f), the degradation of vegetative
vigor became particularly evident in the Santarém region. Additionally, the recurrence of dry
spells is observed in the Arc of Deforestation, which was affected in 2005, 2010, 2023, and
2024.

The primary triggers for Amazonian droughts are the anomalous warming of the
Equatorial Pacific waters, associated with El Nifio events, and the Tropical North Atlantic
(Coelho et al., 2013). The mechanism behind this phenomenon involves the displacement
of the descending limb of the Walker Cell over the Amazon, which inhibits cloud formation
and reduces precipitation (Williams et al., 2005).

In this sense, the warming of the Tropical North Atlantic (TNA) is identified as the
primary driver of the 2005 (Figure 5a) and 2010 (Figure 5b) droughts (Tomasella et al.,
2010). This evolution of impact patterns demonstrates that major droughts in the Amazon
are not homogeneous events, but rather phenomena characterized by high geographical
variability.

Lian et al. (2023) point out that the heat accumulation in the equatorial Pacific Ocean
during the winter of 2022 was the highest in the last 40 years, a condition sufficient to trigger
a strong El Nifio event in late 2023 and early 2024. As observed, the impact of the drought
on vegetation was greater in 2024 (Figure 5f) compared to 2023 (Figure 5e). This occurs
due to the response time between two distinct hydrological regimes within the same basin,
where a time lag of up to four months can be verified for headwaters to reach downstream

regions (Schoéngart et al., 2010).
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4. CONCLUSION

This study evaluated the spatiotemporal variability of the impact of major 21st-century
droughts on the vegetative vigor of the Amazon River Basin, using the EVI vegetation index
as the primary indicator. The results demonstrated that an analysis based on historical mean
values for the entire basin, while useful for a general overview, is insufficient and can lead
to simplistic interpretations that mask the complex reality of the region. Therefore, the
necessity of spatially distributing the processed information became evident to adequately
understand vegetation dynamics across such a vast and diverse area.

The importance of this spatial approach was corroborated by the high geographical
variability of the impacts observed during different drought events. This study aligns with
recent literature on extreme climate events in the Amazon by revealing that each drought
has a distinct extent and by identifying the recurrence of dry spells in specific areas, such
as the Arc of Deforestation, as well as the greater resilience of Central Amazon forest
formations compared to areas under anthropogenic pressure. Consequently, the impact of
droughts on Amazonian vegetation comprises a mosaic of distinct responses conditioned
by the broad climatic and hydrological variability that characterizes the basin. 2-Prizren was

used for the development of the thematic maps.
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