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ABSTRACT

Vegetation cover in seasonally dry forests, such as the Caatinga, is intrinsically linked to
rainfall. Temporal data from sensors like MODIS TERRA-AQUA, combined with the CHIRPS
precipitation product, allow for the monitoring of this relationship. This study aimed to evaluate
the spatial dynamics of vegetation cover in the Pajeu River watershed (PE), between 2010
and 2022, through land use and land cover analysis and time series of the NDVI, EVI, and
Albedo indices derived from MODIS, correlating these variables with CHIRPS data and
quantifying vegetation-precipitation relationships. The results showed significant correlations:
precipitation had a direct relationship with the mean values of NDVI (wet season: 0.60; dry
season: <0.20) and EVI (wet season: >0.40; dry season: <0.20), and an inverse relationship
with Albedo (dry season: >0.16). In 2022, there was a 15% reduction in vegetated areas during
the dry season, highlighting the vulnerability of vegetation to hydrological seasonality,
resulting in reduced vegetation cover and increased areas of exposed soil. It is concluded that
the integration of MODIS and CHIRPS data proved to be an effective tool for monitoring
vegetation responses to rainfall seasonality, providing valuable support for water resource
management in semi-arid regions.

Keywords: Seasonally dry forests. CHIRPS. MODIS.

IMPACTO DAS FLUTUAGOES DE PRECIPITAGAO NA DINAMICA DA VEGETAC}AO: UMA
ANALISE ESPACO-TEMPORAL POR SENSORIAMENTO REMOTO NO SEMIARIDO DE
PERNAMBUCO, BRASIL

RESUMO

A cobertura vegetal em florestas sazonalmente secas, como a Caatinga, esta intrinsecamente
ligada a chuva. Dados temporais de sensores como o MODIS TERRA-AQUA, aliados ao
produto de precipitagdo CHIRPS, permitem monitorar essa relagdo. Este estudo teve como
objetivo avaliar a dinamica espacial da cobertura vegetal na bacia hidrografica do Rio Pajeu
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- PE, entre 2010 e 2022, por meio da analise do uso e cobertura do solo e de séries temporais
dos indices NDVI, EVI e Albedo, obtidos do sensor MODIS, correlacionando essas variaveis
com dados CHIRPS e quantificando as relagbes entre vegetagdo e precipitagdo. Os
resultados mostraram correlagdes significativas: a precipitagdo apresentou relacdo direta
com os valores médios de NDVI (periodo chuvoso: 0,60; periodo seco: <0,20) e EVI (periodo
chuvoso: >0,40; periodo seco: <0,20), e inversa com o Albedo (periodo seco: >0,16). Em
2022, houve reducao de 15% nas areas vegetadas durante o periodo seco, evidenciando a
vulnerabilidade da vegetacdo a sazonalidade hidrica, resultando em redugc&o da cobertura
vegetal e aumento das areas de solo exposto. Conclui-se que a integragdo dos dados
MODIS-CHIRPS se mostrou uma ferramenta eficaz para monitorar a resposta da vegetagéo
a sazonalidade pluviométrica, contribuindo para a gestdo de recursos hidricos em regides
semiaridas.

Palavras-chave: Florestas sazonalmente secas. CHIRPS. MODIS.

INTRODUCTION

Water scarcity is one of the primary challenges to sustainable development in arid and semi-arid regions,
particularly in Northeastern Brazil, where precipitation is highly irregular and plays a significant role in
ecological and socioeconomic dynamics. The Caatinga, a seasonally dry tropical forest typical of this
region, is known for its sensitivity to climatic variability, especially rainfall, which directly influences its
vigor, coverage, and phenological patterns (Barbosa et al., 2019; Wei & Wan, 2022).

Understanding the interactions between precipitation and vegetation is essential for environmental
monitoring and for anticipating the potential effects of climate seasonality on future hydrological cycles.
It also contributes to the development of public policies aimed at natural resource management. Remote
sensing has been widely used for this purpose, as it enables the generation of consistent time series to
examine spatial and temporal patterns in vegetation and precipitation through instruments such as the
Moderate Resolution Imaging Spectroradiometer (MODIS), aboard the Terra and Aqua satellites, and
the Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS) (Sidi et al., 2021; Alsilibe
et al., 2023).

Recent studies (Meshesha et al., 2024; Dimyati et al., 2024) show that orbital time series have been
useful for identifying vegetation responses to hydrological variability. These datasets have been applied
globally to analyze vegetation resilience during extreme events, such as prolonged droughts, and to
observe seasonal and interannual changes in vegetation cover. Verhoeve et al. (2021) examined
drought resilience in northern Tanzania from 1981 to 2020 using Normalized Difference Vegetation
Index (NDVI) time series in association with monthly CHIRPS data. Zhang et al. (2023) proposed an
integrated vegetation monitoring model for drought periods in China based on deep learning algorithms
using MODIS and CHIRPS time series. In Brazil's semi-arid region, such approaches have also been
applied to the Caatinga biome, which is marked by rapid transitions between dry and rainy seasons and
unique phenological characteristics (Pacheco et al., 2023).

In this context, combined analyses of vegetation indicators such as NDVI, the Enhanced Vegetation
Index (EVI), and surface albedo have proven useful in assessing vegetation response to changes in
precipitation patterns. These indices, derived from remote sensing data, can support investigations of
vegetation dynamics, surface conditions, and land cover over time, especially in large areas such as the
Pajeu River Basin. The Pajeu River Basin, the largest in the state of Pernambuco, is an example of a
region characterized by strong seasonality and a strategic role in water supply for surrounding
municipalities.

This study aims to evaluate the spatiotemporal dynamics of vegetation cover in the Pajeu River Basin
(PE) from 2010 to 2022. The methodology was developed through the analysis of land use and land
cover maps derived from supervised classifications and time series of NDVI, EVI and surface albedo,
obtained from MODIS images. These variables are correlated with precipitation data from the CHIRPS
product to evaluate vegetation-precipitation relationships and the effects of precipitation seasonality on
vegetation cover in semi-arid conditions.
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METHODOLOGY

The methodology consists of three stages: acquisition of orbital and hydrological data; image processing
using spectral indices, albedo, and land use and land cover mapping; and, finally, an analysis of the
relationship between precipitation and vegetation cover in the Caatinga biome. During data acquisition,
image selection considered factors such as broad spatial coverage, absence of cloud cover, and
temporal availability of the selected scenes. In the digital image processing stage, consistency was
verified in the spectral response of the NDVI and EVI vegetation indices derived from the MOD13A1
product. Surface albedo was processed using imagery from the MODO9A1 product. A land use and land
cover map were created for both dry and rainy seasons through a supervised classification. As a result,
thematic maps were generated for each year analyzed, enabling the identification of landscape changes
in the basin over time.

The field validation process was carried out using georeferenced landscape photographs obtained
during site visits to verify the land cover and land use patterns identified in the remote sensing analysis.
Validation sites were selected based on criteria such as accessibility, representation of different land
cover classes, and importance within the study area. This approach follows methodologies used in
studies such as Silva Junior et al. (2024), which emphasize spatial representativeness and visual
consistency between field observations and remote sensing data.

Precipitation data were obtained from the CHIRPS product, recognized for its high spatial resolution and
reliability in regions with a sparse rain gauges networks, such as the Brazilian semi-arid region (Pacheco
et al., 2023; Soares et al., 2018; Ahmed et al., 2025).

The integration of vegetation indices (NDVI, EVI), surface albedo, and CHIRPS precipitation data
followed methodological approaches widely applied in studies assessing vegetation—climate interactions
in semi-arid environments (Mariano et al., 2018; Jardim et al., 2022; Junior et al., 2023), allowing for a
robust evaluation of environmental dynamics in the Pajeu River Basin.

Land use and land cover validation was conducted through a ground-truthing approach (Silva Junior et
al., 2024). Georeferenced photographs were collected at strategic locations across the basin, selected
based on criteria such as accessibility, representation of different land cover types identified in the
supervised classification, and the presence of evident seasonal contrasts. These locations were used
to ensure consistency between the spectral patterns observed in the satellite imagery and actual field
conditions, thereby increasing the reliability of the spatial analyses. Figure 1 shows the flowchart of the
methodological steps.
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Figure 1 - The sequence of methodological stages
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Study area

Located in Pernambuco, in northeastern Brazil, the Pajeu River basin (Figure 2) covers approximately
16.97% of the state's total area, equivalent to 16,685.63 km?. This river basin encompasses twenty-seven
municipalities and extends between the geographical coordinates 07° 16' 20“S and 08° 56°01” S, and 36°59'
00“W and 38°57’ 45" W (APAC, 2023).

The basin is characterized by its typical Caatinga vegetation, consisting of xerophytic shrubs, cacti, and plants
adapted to low water availability. Land use in the region is predominantly marked by subsistence agricultural
activities, such as the cultivation of maize and beans, as well as extensive cattle ranching (Pacheco et al.,
2023). Urban areas, pastures, and degraded soils are also common, highlighting the pressure on natural
resources. The basin's soil is predominantly shallow and rocky, with classes such as Neossolos and Litholic
soils, which exhibit low fertility and high susceptibility to erosion (Cunha et al., 2015). The climate is semi-
arid, with high average annual temperatures around 26°C and long dry periods (Souza; Ribeiro Neto; Souza,
2021). Figure 2 shows the location of the Pajeu River Basin, the study area used for the methodological
development of the research.
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Figure 2 - Study area
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Source: The authors, 2025.

Remote Sensing Data

Two time series of products from the MODIS sensor onboard the TERRA and ACQUA satellites were
used: MOD13A1 and MODO09A1. The MODIS sensor generates images free of cloud cover by
composing several mosaics of highly periodic information on a global scale (Banerjee et al., 2024). This
tool is increasingly used to periodically map the environmental attributes, with emphasis on monitoring
vegetation cover (Dimyati et al., 2024). In this context, the MOD13A1 product was used to analyse the
time series using images of the two available vegetation indices, NDVI and EVI, at a spatial resolution
of 500 m with seven spectral bands. The MODO09A1 product, which provides surface reflectance data,
was used to calculate albedo. Table 1 shows the acquisition dates of the MODIS products.

Table 1 - Acquisition Dates of MOD13A1 and MODOQ9A1 Orbital Data

PRODUCT ACAQUISITION PRODUCT ACAQUISITION

MOD13A1 DATE MODO09A1 DATE
04/23/2010 05/09/2010
04/23/2014 06/26/2014
Rainy Season Rainy Season
04/23/2018 05/17/2018
04/23/2022 08/05/2022

Dry season 11/01/2010 Dry season 11/09/2010
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11/01/2014 11/09/2014
11/01/2018 11/09/2018
11/01/2022 11/17/2022

Source: The authors, 2025.

Hydrological Data

The accumulated monthly average rainfall data was freely obtained from the CHRS Data (2024) portal
of the Center for Hydrometeorology and Remote Sensing at the University of California — USA, based
on satellite imagery (CHRS Data, 2024). Fifty-six points were selected, each positioned at the center of
each pixel covering the basin region. The collection of remote precipitation data helps adrdress the gap
caused by the scarcity of long-term time series obtained through more traditional methods, such as
precipitation indices based on weather stations in the study region, as shown by Sousa et al. (2023).

In addition, data from several stations would be required to meaningfully represent precipitation across
the Pajeu basin, given the rainfall variability in the area. As shown by Salgueiro and Montenegro (2008),
the northern region of the basin has higher rainfall rates than the southern region near the Sdo Francisco
River. Using CHIRPS data, precipitation patterns in the basin were analysed over the years studied.
(Figure 3).

Figure 3 - Distribution of average monthly rainfall obtained from CHIRPS data

160
140
120
100

80

02010 22014 m2018 m2022

Source: The authors, 2025.

Throughout the series, rainfall in the basin followed a consistent pattern in line with the region's typical climate.
Between March and April from 2010 to 2022, rainfall exceeded 35 mm in the rainy season. The highest
average rainfall observed for each year were: January 2010 (80.30 mm), April 2014 (62.56 mm), February
2018 (152.19 mm) and March 2022 (118.11 mm). During the dry season, from May to September, rainfall
remained below 20 mm throughout the series.
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Vegetation Indices

The NDVI, proposed by Rouse et al. (1974), allows the identification of seasonal changes in vegetation
and the observation of the density the health of green areas over time. NDVI is calculated as a ratio
(normalized difference) between the near-infrared and red bands, as shown in Equation 1.

Pinir—Paren (1)
Panir+PAreD

NDVI =

where pANIR represents the reflectance in the near-infrared region and pARED the reflectance in the
red region. NDVI values vary between -1 and +1, with values closer to +1 indicating surfaces with more
significant amounts of vegetation, while negative values represent cover with low photosynthetic activity
or no vegetation at all.

The Enhanced Vegetation Index (EVI), proposed by Huete et al. (1997), aims to improve the vegetation
signal by attenuating the effects of the soil and atmosphere. It is defined by Equation 2 and ranges
between -1 and 1.

EVI=G P1vp — Pver 2)
L+ Prve + ClpVer - C2 Pazul

Where G = gain factor (2.5); pIVP = reflectance in the near infrared; pVer = reflectance in the red; pAzul
= reflectance in the blue; C1 = correction coefficient for atmospheric effects for the red (6); C2 =
correction coefficient for atmospheric effects for the blue (7.5); L = correction factor for soil interference
equal to 1 (Huete, 1988; Huete et al., 2006).

Vegetation indices were obtained using the MOD13Q1 product, which provides 16-day vegetation data
at a spatial resolution of 250 m. The data were acquired between 2000 and 2021 from the NASA’s Earth
Observing System (EOS) Data Gateway (Meshesha et al., 2024). The valid range of MODIS NDVI and
EVI data is -2,000 to 10,000. A scaling factor of 0.0001 had to be applied to convert the values into “true”
NDVI and EVI scale, resulting in values from -0.2 to 1.0.

Surface albedo is the ratio of reflected to incident energy flux. Smoother, drier, and lighter-toned
surfaces tend to have higher albedo values, while rougher, damper, and darker-toned surfaces tend to
exhibit lower albedo values. Albedo is influenced by wavelength, local reflectance, and lighting
conditions (Lopes; Valeriano, 2007). Equation 3, proposed by Tasumi, Allen and Trezza (2008), was
used to determine the Albedo (a), which was applied in the methodology of this research.

@ppa = 0,300p, + 0,276p5 + 0,233p, + 0,143ps + 0,035p, + 0,012p, (3)

where, p2, p3, p4, p5, p6 and p7 are the reflectance referring to the available spectral bands of the
MODIS sensor, corresponding to bands 2 to 7, covering the visible to the mid-infrared.

With MODO09A1 data, the Albedo was georeferenced to bands 2 to 7 in the SIRGAS 2000 system, and
the scale factor correction was applied. After these steps, albedo values were calculated for the periods
of low and high rainfall across the study years. The methodological development comprising the digital
processing of the images was carried out using the freely accessible software QGIS 3.16.

Land use land cover (LULC)

To analyse LULC and check for possible changes in the region's scenario, a supervised classification
was carried out for the study area using two images from the MODO9A1 product, for the periods of
highest and lowest rainfall in the years 2010 and 2022. Quantitative analysis of remote sensing image
data often uses supervised classification as a method. Lillesand and Kiefer (1994) point out that this
approach involves applying algorithms to assign labels to the pixels in an image to represent specific
land cover categories. As the MODIS sensor has a low spatial resolution, making it impossible to identify
more specific classes or classes with a higher level of detail (urban area or exposed soil), only three
classes were used: water, vegetated area, and non-vegetated area

Caminhos de Geografia Uberlandia-MG v.26,n.106  Agosto/2025 p. 88—-109 Pagina 94



Ubiratan Joaquim da Silva Junior
Murilo Oliveira da Costa

Impact of rainfall fluctuations on the Caatinga Biome: Juarez Antonio da Silva Junior
multitemporal analysis of land use in the Semi-Arid region Jodo Victor de Albuquerque Roberto
of Pernambuco Brazil Anderson Luiz Ribeiro de Paiva

Leidjane Maria Maciel de Oliveira
Sylvana Melo dos Santos

The samples were trained using photo-interpretive parameters such as color, shape, texture, and grain,
according to the methodology proposed by Bertin (1983). These parameters had to be applied together,
because the low spatial resolution of the sensor associated with the mixture of pixels — especially during
periods of low rainfall — could compromise data integrity, leading to the appearance of false positives,
thus increasing the aggregation of omission and commission errors, and reducing the accuracy of the
mapping. Finally, the classified images were generated and could be vectorized to quantify how much
of the occupied area each class represents.

Validation and statistical analyses

To further reinforce the reliability of the results, a visual field validation process was performed. In this
procedure, validation points were selected following a stratified criterion to capture the heterogeneity of
land cover and land use identified in the images. The locations were chosen based on accessibility,
representativeness of the different types of land cover (areas of dense vegetation, transition zones, and
exposed soils), and relevance to the study. At each location, georeferenced photographs were collected
to serve as a basis to support the analysis of the classification results.

In this same context, the georeferenced landscape photographs were collected in the municipality of
Mirandiba, which belongs to the Pajeu River Basin. The images were captured at two different times:
on April 24, 2018, during a period of high rainfall, and on October 14, 2018, when the rainfall was lower.
This approach allowed for a better understanding of the results obtained from the analysis of NDVI, EVI,
and Albedo. One of the most notable aspects of the Caatinga is the leaf fall of most species during the
dry season, followed by their remarkable regeneration during the rainy season, as observed by
Guimaraes (2009). This occurrence is due to the sensitivity of Caatinga vegetation to rainfall (Barbosa
et al., 2019). The results derived from the spectral response of NDVI, EVI, and Albedo were statistically
compared using bar graphs analyzing the average and a correlation graph with the R? coefficient of
determination.

RESULTS
Spatial distribution of NDVI and EVI

The MOD13A1 images were used to map the NDVI time series from 2010 to 2022. As a result, the thematic
map was generated with the spatial distribution of the NDVI-MODIS time series in the Pajeu River Basin
(Figure 4).

During the rainy season, NDVI values predominantly ranged between 0.4 and 0.6 across most of the Pajeu
River Basin, indicating moderate to dense vegetation cover. This pattern is closely linked to increased water
availability, as average rainfall exceeded 40 mm in April for all analyzed years, most notably in 2010, which
recorded 67 mm. Enhanced soil moisture during this period favors biomass production and photosynthetic
activity, increasing near-infrared reflectance and decreasing red-band absorption, which results in higher
NDVI values.

In contrast, during the dry season, NDVI values fell below 0.2, particularly in the southern part of the basin.
These reductions are associated with a decline in green biomass due to limited rainfall, often below 24 mm
in November. The deciduous and hyperxerophytic vegetation, typical of the Caatinga, rapidly enters
senescence, exposing bare soil and reducing spectral responses. In 2018, the basin recorded the lowest
mean NDVI for the dry season (0.30), while 2010 had the highest (0.53).

According to Salgueiro and Montenegro (2008), such seasonal variations are expected in regions like the
Sertdo do Sao Francisco, where annual precipitation is consistently below 500 mm. Cunha et al. (2020) and
Mariano et al. (2018) also reported a strong sensitivity of NDVI to seasonal rainfall fluctuations in dryland
forests, linking drought periods to a measurable decline in vegetation indices and leaf area index (LAI).
Pacheco et al. (2023) similarly found a high correlation between NDVI and rainfall in the Pajeu Basin,
reinforcing that vegetation dynamics in this biome are predominantly controlled by hydroclimatic variability.

Caminhos de Geografia Uberlandia-MG v.26,n.106  Agosto/2025 p. 88—-109 Pagina 95



Ubiratan Joaquim da Silva Junior
Murilo Oliveira da Costa

Impact of rainfall fluctuations on the Caatinga Biome: Juarez Anténio da Silva Junior
multitemporal analysis of land use in the Semi-Arid region Jodo Victor de Albuquerque Roberto
of Pernambuco Brazil Anderson Luiz Ribeiro de Paiva

Leidjane Maria Maciel de Oliveira
Sylvana Melo dos Santos

Figure 4 - Spatial distribution of NDVI, Pajeu River Basin, years 2010, 2014, 2018 and 2022
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Figure 5 - Spatial distribution of EVI, Pajeu River Basin, years 2010, 2014, 2018 and 2022
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Additionally, literature comparisons support these findings: Morais et al. (2011) reported NDVI values ranging
from 0.208 to 0.803 in transition zones of the Caatinga; Abade et al. (2015) observed values around 0.80 +
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0.03 in dense vegetation; and Chaves et al. (2013) emphasized that NDVI below 0.4 during the dry season
is characteristic of Hyperxerophytic Caatinga. Studies by Barbosa et al. (2019) and others confirm that NDVI
is a reliable proxy for rainfall-driven vegetation changes in semiarid environments.

Regarding the EVI index, the same mapping was carried out for the Pajeu River Basin using MOD13A1 data
for the years 2010, 2014, 2018 and 2022 (Figure 5).

Like NDVI, EVI values were higher during the rainy season, often exceeding 0.4 and declined significantly
during the dry season, with average values below 0.2 across most of the basin. In 2018, the highest mean
EVI was recorded (0.6), while 2014 presented the lowest (0.3). These fluctuations reflect the influence of
seasonal rainfall on vegetation vigor, reinforcing the correlation between precipitation and spectral vegetation
indices in the semiarid Caatinga biome.

EVI demonstrated greater sensitivity than NDVI in distinguishing areas with sparse vegetation or exposed
soil. This advantage stems from its formulation, which includes the blue band and correction factors for
atmospheric effects and soil background, making it less susceptible to saturation in areas of dense
vegetation. According to Cunha et al. (2020) and Pacheco et al. (2023), this makes EVI particularly effective
for detecting phenological changes and performance vegetation dynamics in regions with high temporal
variability in rainfall. Additionally, EVI's response in dry periods proved useful for identifying environmentally
stressed or degraded areas, especially those impacted by anthropogenic activities. Mariano et al. (2018)
found similar results, linking EVI variability to land degradation processes in Northeastern Brazil.

Becerra, Shimabukuro, and Alvala (2007) also observed that EVI had a stronger correlation with precipitation
patterns than NDVI when studying the Cerrado biome, and Meshesha et al. (2024) confirmed that rainfall
availability is one of the main drivers of vegetation greenness in drylands. Other studies, such as Crespo-
Mendes et al. (2019) and Macintyre, Niekerk, and Mucina (2020) emphasized that EVI is more sensitive to
changes in land cover and responds better to seasonal canopy structure variations. Wang et al. (2007) also
highlighted that EVI’s inclusion of atmospheric corrections makes it more robust for vegetation monitoring in
heterogeneous or semi-arid landscapes.

Therefore, combining NDVI and EVI in a multi-index approach enhances the interpretation of vegetation
responses to climate variability and anthropogenic pressure in dryland ecosystems such as the Pajeu River
Basin.

Although the blue band is more susceptible to atmospheric interference, target reflectance on the surface
can be accurately obtained by developing specific atmospheric correction models. Through sampling, the
distribution between NDVI and EVI pixels was analyzed, in both periods of precipitation volume (rainy and
dry) (Figure 6).

For the rainy season, mean values vary in all years between 0.57 and 0.67 for NDVI and between 0.38 to
0.43 for EVI, indicating good vegetation condition during this time of the year, with 2018 and 2022 standing
out, where the set of averages for both indices remained consistently high.

During the dry season, the averages decrease, remaining between 0.30 and 0.53 for NDVI and between
0.17 and 0.31 for EVI, indicating a decrease in vegetated area and an increase in exposed soil. The years
2014 and 2018 stand out for presenting the lowest averages for both indices. Similarly, the maximum NDVI
and EVI occur during the rainy season, and this response may be associated with a greater water availability
and a higher photosynthetic rate, allowing increased biomass accumulation during this period (Fernandes et
al., 2023).

The decrease in precipitation volume during the dry period in semi-arid environments reduces the amount of
moisture available in the terrestrial ecosystem, altering environmental factors that support vegetation
development (Oliveira et al., 2012; Akram et al., 2022; Mehmood et al., 2024).

During the rainy season, both indices exhibit a high capacity to distinguish vegetation, as the plant cover
responds quickly to rainfall, showing an increase in green biomass and vegetative vigor. The NDVI, being
based exclusively on the relationship between red and near-infrared radiation, is efficient in areas with dense
vegetation cover. Meanwhile, the EVI, which also considers the blue band and includes corrections for
atmospheric effects and saturation, offers greater accuracy in regions with sparse vegetation or low
reflectance.
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Figure 6 - Distribution of NDVI x EVI data in the high and low rainfall periods, Pajeu River Basin
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In the dry season, however, the sensitivity of the indices is reduced due to the predominance of dry
vegetation, deciduous shrubs, and exposed soil, which weaken the spectral signature characteristic of green
vegetation. In this context, the EVI generally outperforms the NDVI, as its formulation is less affected by soil
influence, which is prevalent in the Caatinga during the dry season.

Figure 7 - Correlation graph between NDVI and EVI, Pajeu River Basin
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Nonetheless, both indices face challenges in accurately representing vegetation during this period,
highlighting the need to integrate multi-temporal data and other metrics, such as moisture and soil indices,
for a more comprehensive analysis of the seasonal dynamics of this biome. In this context, the spectral
sensitivity relationship between NDVI and EVI pixels was analysed through the correlation between the
indices in rainy and dry periods (Figure 7).

The NDVI and EVI showed a good correlation, with R? = 0.80, which statistically indicates a directly
proportional relationship between the vegetation indices. Chaves et al. (2013) observed significant
correlations between EVI and NDVI. These results may be associated with the fact that EVI was designed
to have a wider dynamic range, which allows it to overcome the known limitation of NDVI, which tends to
saturate at high biomass levels, for example, above 0.80 (Wardlow; Egbert, 2010).

Spatial distribution of Albedo

The vegetation response to albedo was obtained by processing images from the MODO09A1 product in rainy
and dry periods (Figure 8).

Figure 8 - Spatial distribution of Albedo, Pajeu River Basin, years 2010, 2014, 2018 and 2022
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Source: The authors, 2025.

During the rainy season, surface albedo values were concentrated between 0.14 and 0.17 (Figure 8),
indicating the presence of moist soils and healthy vegetation cover. These areas absorb more solar radiation
and reflect less energy, a pattern consistent with the high NDVI and EVI values observed during the same
period. This condition results from the higher average rainfall recorded during the months preceding the
image acquisition, which promotes dense vegetation cover and active photosynthesis.

In contrast, during the dry season, albedo values rose above 0.19, particularly in 2018, when November
rainfall dropped to just 5 mm. This increase reflects the drying of vegetation, the dominance of bare soil, and
the consequent rise in surface reflectance. According to Cunha et al. (2020), such increases in albedo are
indicative of land-cover clearing and degradation, especially in seasonally dry forests. Mariano et al. (2018)
also associated albedo increases with both drought-related stress and anthropogenic land degradation in
Northeastern Brazil.
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Additional studies support these findings: Dantas et al. (2010) observed that values between 0.11 and 0.16
are characteristic of moist soils, while bare soils can reach values as high as 0.39. Robinove et al. (1981)
emphasized that high albedo is often linked to vegetation-free surfaces in deforested or degraded areas.
Cunha et al. (2020) further noted that albedo values around 0.24 to 0.33 are typical of sparsely vegetated or
bare regions in the semi-arid Northeast.

Notably, some regions maintained lower albedo values even in the dry season typically associated with
protected or conservation zones. As reported by Pacheco et al. (2023), these areas retain more biomass
and exhibit less surface exposure, highlighting the role of environmental protection in preserving vegetation
structure and mitigating the spectral signatures of degradation.

Based on the samples, the pixel distribution behavior for NDVI, EVI, and Albedo was analyzed in the scenes
for the dry and rainy periods (Figure 9).

Figure 9 - Distribution of NDVI x EVI x Albedo values, during high and low rainfall periods
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In this context, during the dry period, the highest values of surface Albedo are associated with lower average
rainfall volumes throughout the data series, as observed in 2018, which had an average precipitation of only
5 mm. Conversely, the lowest values of vegetation indices were observed during these same periods.

Vegetation dynamics involve both the growing season and the total amount of vegetation cover, which is
strongly affected by climatic variability (Roerink et al., 2003). Vegetation influences surface albedo, which, in
turn, determines the sum of net radiation available for soil and lower atmospheric heating, as well as for water
evaporation (Feng et al., 2020).

These results highlight the fundamental role of remote sensing tools in assessing environmental dynamics
in semi-arid ecosystems. By integrating vegetation indices and surface albedo analysis, this study contributes
to a better understanding of seasonal vegetation responses, land degradation processes, and the
effectiveness of conservation strategies in the Caatinga biome — a region highly sensitive to climate variability.
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Land use land cover classification

The land use and land cover maps were generated through supervised classification for the Pajeu River
Basin, considering the classes: water, vegetation, and non-vegetated areas (Figure 10 and Figure 11).

During the rainy season (Figure 10), higher precipitation led to a significant increase in Caatinga vegetation
cover and a reduction in exposed soil areas. This dynamic reflects an enhancement of vegetative vigor,
which is directly related to water availability during this period. There was also an expansion of the 'water'
class, corresponding to the presence of water in small rivers and intermittent lakes formed by the rainfall.

Figure 10 - Supervised classification for the higher rainfall period, Pajeu River Basin, 2010 and 2022
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Source: The authors, 2025.

On the other hand, for the dry season (Figure 11), as expected, the classified image presents distinct
information. There is a significant increase in exposed soil areas categorized under the 'non-vegetated' class,
highlighting the vegetation loss resulting from the lack of precipitation. Additionally, a decrease in areas
classified as 'water' is observed, as the intermittent watercourses and small water bodies formed during the
rainy season either disappear or exhibit greatly reduced volumes.
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Figure 11 - Supervised classification for the lower rainfall period, Pajeu River Basin, 2010 and 2022
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Once again, these results align with the values of the indices, Albedo, and precipitation averages for the dry
period of the two years. After the image classification process, vectorization was applied to extract area data
for each of the classes in the area. Table 2 contains this data for the two years analysed.

Table 2 - Areas computed in supervised classification, River Pajeu Basin, 2010 and 2022

AREA (Km?)

CLASS
APR/2010 APR/2022 NOV/2010 NOV/2022
Water 4563.68 3,346.06 2,143.99 2,230.37

Vegetated areas 42,628.97 51,513.32 37,071.70 40,988.93

No vegetation 27,428.48 19,761.74 35,405.43 31,401.82

Source: The authors, 2025.

The same pattern can be observed with larger values for vegetated areas and water bodies during the rainy
season in both years. The vegetative surface in April 2022 represented approximately 70% of the total area
of the analysed image. Conversely, the dry period shows a reduction in vegetated areas and water bodies,
with higher values for areas of exposed soil or areas with sparse vegetation. Vegetated area declined by 7%
of vegetated area between April and November 2010 and 15% between April and November 2022. Between
November 2010 and November 2022, this value decreased by 5% of the total area.

Regarding non-vegetated areas, there was an increase of 10% between April and November 2010 and an
increase of 16% in 2022 for the same period. However, between November 2010 and 2022, there was a
reduction of 5%, attributed to the higher precipitation levels in 2022 during this period. Regarding the water
class, there was a reduction of 3% between April and November 2010, as well as in 2022 throughout the
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basin. However, considering only the class, there is a reduction of close to 50% of the total value of this class
between April and November for both years.

Validation

Figures 12 and 13 show the images obtained in the study area demonstrating the variation in Caatinga
vegetation between periods of high precipitation (April 2022) (Figure 12) and low precipitation (November
2022) (Figure 13). The images were obtained for the municipality of Serra Talhada within the Pajeu Basin.
Sample points were obtained near the Serrinha Il Reservoir (along PE - 390) - P1 and the Jazigo Reservoir
(along BR - 232, Rod. Luiz Gonzaga) - P2.

Figure 12 - Record of local vegetation cover during the higher rainfall period
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Source: The authors, 2025.

Figure 13 - Record of local vegetation cover during the lower rainfall period
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The validation results demonstrated a high level of agreement between the classified maps and the field
observations. 2 validation points were visited, where the in-situ photographs and georeferenced observations
confirmed the presence of different types of land cover, such as vegetated areas, exposed soils, and
transition zones. This approach allowed us to identify that the sampled points were representative of the
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variations present in the landscape, corroborating the robustness of the classification scheme adopted in this
study.

Observing both images, it is noticeable that during periods of low rainfall in the Caatinga, vegetation
undergoes leaf loss and occurrences of areas with exposed soil are evident, as shown by Barbosa et al.
(2019), Cunha et al. (2020), and Pacheco et al. (2023). In contrast, during the rainy season, vegetation
displays a notable chlorophyll potential, resulting in increased green coloration and lush foliage growth. The
images captured at the study site validate the spectral responses presented by the vegetation indices
(Figures 4 and 5) and surface albedo (Figure 8), where vegetation growth with NDVI and EVI between 0.6
and 1.0 was observed with increased rainfall in the area, along with exposed soil and sparse vegetation
during periods of low precipitation.

DISCUSSION

The spatiotemporal analysis of vegetation indices (NDVI, EVI) and surface albedo in the Pajeu River Basin
from 2010 to 2022 revealed the strong influence of rainfall variability on the dynamics of Caatinga vegetation.
The results are consistent with previous studies in the region (Pacheco et al., 2023; Soares et al., 2018;
Junior et al., 2023), which emphasized the sensitivity of semi-arid vegetation to climatic fluctuations,
particularly during drought events.

Significant correlations between CHIRPS precipitation data and MODIS-derived spectral indices confirm that
the vegetative vigor of Caatinga is closely linked to water availability. Higher NDVI and EVI values during the
rainy seasons and sharp declines during dry periods reflect the typical phenological behavior of seasonally
dry tropical forests. In contrast, albedo exhibited an inverse pattern, increasing during the dry season, which
is associated with a reduced vegetation cover and greater exposure of bare soil. This trend is consistent with
findings by Mariano et al. (2018) and Cunha et al. (2020), who demonstrated the effective use of albedo as
a proxy for detecting canopy disturbance and land degradation in dry forests.

Such direct correlations between rainfall variability, spectral indices, and vegetation phenology reinforce the
potential of combining MODIS products with CHIRPS data in spatiotemporal assessments. A similar
approach was employed by Abade et al. (2015), who used MODIS time series to map seasonal land cover
patterns in the Cerrado—Caatinga ecotone, identifying variations driven by both climatic and anthropogenic
factors. Likewise, Bontempo et al. (2020) combined Sun-Induced Fluorescence (SIF) with NDVI and EVI to
evaluate vegetation responses to an extreme drought in the Caatinga, demonstrating that climatic variability
can be detected at multiple eco-physiological response levels. These examples illustrate how remote sensing
methodologies like those adopted in this study have proven effective in assessing ecosystem vulnerability in
semi-arid regions, particularly in northeastern Brazil.

The spectral responses observed in this study also serve as valuable indicators of desertification risk and
land degradation processes. Mariano et al. (2018) found that declining LAl and increasing albedo values are
strong indicators of land degradation, especially when associated with reduced evapotranspiration. These
patterns suggest inversely proportional mechanisms in the surface water and energy balance, highlighting
the ecological fragility of Caatinga vegetation under extreme climatic stress.

The vulnerability of native vegetation to adverse climatic conditions can compromise essential ecosystem
services such as microclimate regulation, soil protection, and water retention. The 15% reduction in
vegetated areas during the 2022 dry season, identified in this study, clearly illustrates this process. Thus, the
early detection of vegetation stress through satellite-based indicators represents a strategic tool for
supporting water resource management and planning climate adaptation strategies, especially in basins
highly dependent on surface water sources, such as the Pajel.

From a methodological perspective, integrating NDVI, EVI, and albedo data with CHIRPS precipitation has
proven to be effective and robust for long-term environmental monitoring. However, future approaches may
benefit from the inclusion of additional datasets. The incorporation of SIF, as suggested by Bontempo et al.
(2020), or drought indices such as the Standardized Precipitation-Evapotranspiration Index (SPEI),
employed by Ahmed et al. (2025), may improve understanding of vegetation physiological responses to
hydrological and thermal stress.

Finally, the results presented here align with global trends of land degradation in arid and semi-arid regions,
as identified by Jardim et al. (2022) and Abade et al. (2015). Jardim et al. (2022) demonstrated, through
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remote sensing and spatiotemporal modeling, that the expansion of agricultural areas at the expense of
native Caatinga vegetation, together with climatic variability, has led to significant changes in surface energy
balance, expressed through increased land surface temperature, decreased soil moisture, and higher
susceptibility to desertification. Abade et al. (2015), in their analysis of the Cerrado—Caatinga transition zone,
also emphasized that the seasonal dynamics of vegetation in these ecotones can be severely affected by
anthropogenic pressures and shifts in rainfall regimes, making them key areas for environmental monitoring.
In this context, remote sensing emerges as a crucial tool not only for environmental surveillance but also for
the development of operational indicators that support conservation policies and adaptive strategies in
vulnerable regions such as the Caatinga.

FINAL CONSIDERATIONS

This study demonstrated the strong influence of rainfall variability on the seasonal dynamics of Caatinga
vegetation by using MODIS-derived spectral indices (NDVI, EVI, and albedo) in combination with CHIRPS
precipitation data. The results confirmed that vegetation vigor in the Pajeu River Basin is directly related to
rainfall patterns, with significant phenological changes between wet and dry seasons. The increase in surface
albedo during drought periods and the reduction of vegetated areas by up to 15% in 2022 highlight the
ecosystem’s vulnerability to climatic extremes.

By confirming the sensitivity of Caatinga vegetation to hydroclimatic variability, this study reinforces the
importance of using remote sensing tools for long-term environmental monitoring in semi-arid regions.
Moreover, the findings have practical implications for the development of land management policies and
climate adaptation strategies, particularly in basins that are heavily dependent on surface water resources.
The approach presented here, based on a methodology designed for monitoring seasonally dry forests, can
support decision-making processes in environmental planning, water resource management, and
biodiversity conservation in similar ecosystems facing desertification risks.
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