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Abstract: Precipitation estimation is a challenging task, especially in regions where its spatial dis-
tribution is irregular and highly variable. This study evaluated the spatial distribution of annual
rainfall in a semiarid Brazilian basin under different regimes and its impact on land use and land
cover dynamics. Climate Hazards Group InfraRed Precipitation with Stations (CHIRPS) records and
observed data from 40 weather stations over a time series of 55 years were used, in addition to the
Standardized Precipitation Index. Spatiotemporal analysis was carried out based on geostatistics.
Remote sensing images were also interpreted for different rainfall regimes using the Normalized
Difference Vegetation Index and Modified Normalized Difference Water Index. The Gaussian semi-
variogram model best represented the rainfall spatial structure, showing strong spatial dependence.
Results indicated that rainfall amount in the basin significantly increases with elevation, as expected.
There is high variation in the dynamics of water storage that can threaten water security in the region.
Our findings point out that the application of geostatistics for mapping both the annual precipitation
and the Standardized Precipitation Index provides a powerful framework to support hydrological
analysis, as well as land use and land cover management in semiarid regions.

Keywords: spatial dependence; temporal variability; sequential Gaussian simulation; kriging;
cokriging; CHIRPS

1. Introduction

Precipitation is an essential factor in hydrological processes (e.g., erosion, flooding,
and aquifer recharge) [1-4]. In that regard, the spatiotemporal distribution of rainfall
has a major impact on the hydrological cycle, water security, agriculture, water resource
management, and on several economic and productive activities [5-7].

Despite the relevance of the rainfall distribution in water availability, reliable and
high-quality long-term rainfall time series remain scarce in South America, particularly
in northeastern Brazil (NEB) [8]. Moreover, precipitation estimation is particularly chal-
lenging in the Brazilian semiarid region due to its highly variable spatial distribution and
irregular periodicity, which has caused frequent droughts over the years [9,10]. Thus,
applying traditional and widely adopted meteorological indices for monitoring droughts
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in such areas, such as the Standardized Precipitation Index (SPI), is usually a hard task
that requires data from several rainfall stations [11-14]. The usefulness of SPI by analyzing
long-term rainfall data from several drainage basins in the eastern Mediterranean region
was evaluated by Tsesmelis et al. [15], emphasizing the importance of SPI as a tool for
assessing changes in drought and wetness episodes, enabling the identification of areas
requiring water management strategies to improve water security and to reduce the impact
of hydrological extremes.

Remote sensing is an important tool for hydrological research, allowing for the esti-
mation of rainfall using satellite images with high spatiotemporal resolution. The Tropical
Rainfall Measuring Mission (TRMM), Climate Hazards Group InfraRed Precipitation with
Stations (CHIRPS), and Precipitation Estimation from Remotely Sensed Information using
Artificial Neural Networks (PERSIANN) have been widely adopted for rainfall analysis on
a basin scale [8,10,16,17]. The CHIRPS product offers a high spatial resolution of approx-
imately 5.3 km and a long temporal period (from 1981) for validation using in situ rain
gauge measurements [8,16,18]. In addition, remote sensing can also be used to monitor
landscape and biophysical changes in semiarid regions through the evaluation of land
use and land cover (LULC) map spatial association with vegetation indices, such as the
Normalized Difference Vegetation Index (NDVI) and the Modified Normalized Difference
Water Index (MNDWI). These indexes allow the estimation of land use and cover, enabling
the characterization of spatiotemporal dynamics and quantification of vegetation condi-
tions and water features [5,19-24]. Additionally, the NDVI has proved to be a valuable
tool in the analysis of irrigation in agricultural areas, allowing farmers and researchers
to assess soil salinity and monitor crop growth and water stress to optimize yield and
conserve resources [25,26]. Due to the high resolution and wide availability of remote
sensing products for hydrological studies, there has been a surge of interest from the sci-
entific community to validate such indirect information for different basins around the
world [18,24,27]. Moreover, remote sensing products are highly valuable for climate change
investigations, and especially for devising adaptive strategies to promote sustainability,
particularly in semiarid regions.

The semiarid region of Brazil is known for its highly unpredictable weather patterns,
featuring short wet periods and long dry spells. This region is considered the wettest
semiarid region worldwide, as evidenced by Marengo et al. [28]. Furthermore, Montenegro
and Ragab [29] demonstrated that rivers in this region predominantly have non-perennial
hydrological regimes. One of the most prominent rivers in the region is the Sao Francisco
River, with its tributary, the Brigida River, being the focus of this study. The Caatinga
vegetation biome dominates the region, which is characterized by deciduous cover that
sheds part of its canopy during the dry season.

Typically, rainfall data estimates are obtained by using regression techniques based
on time series analysis [30]. The application of geostatistical modeling through kriging
takes into account the structure of spatial variation and usually provides high-precision
maps, which are important for the study of extreme events [27,31-33]. This method is
especially important for the NEB, where the density of rainfall networks is usually low,
and proper characterization of rainfall spatial variability is limited due to the lack of
observational data [34]. Among the geostatistical estimation methods, kriging is often used
in the literature [32,35-37].

The spatiotemporal variability of monthly rainfall data at 269 rainfall stations from
1994 to 2014 in the Paraiba State, located in the NEB, was analyzed by Medeiros et al. [37],
who found that 85% of the total rainfall variability could be well represented using kriging,
providing a reliable spatial distribution of regions where rainfall conditions varied from
scarcity to excess. Regarding the spatiotemporal variability of annual rainfall, Silva et al. [35]
found substantial annual spatiotemporal variability and a negative trend (decrease) for most
rainy seasons in the Epitacio Pessoa reservoir watershed, Paraiba State, during the study
period (1963-1991) using the kriging technique. Additionally, for the Brazilian semiarid
region, Araujo et al. [27] investigated the spatiotemporal distribution of precipitation in the
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Brigida River basin, Pernambuco State, using kriging, providing an adequate precipitation
estimate and classification of the aridity condition; however, the availability of observational
data was a limiting factor. Furthermore, due to the high spatial variability of precipitation
patterns related to topographic and climatic factors [38,39], a study conducted by Adhikary
et al. [39] compared three geostatistical methods, finding that the cokriging method with
elevation as a secondary variable was significant in Australian watersheds with complex
mountainous terrain. Similarly, relationships between elevation and rainfall have been
poorly studied in the semiarid regions of Brazil.

Despite the effectiveness of kriging in reducing the variance of the estimation error, it is
strongly dependent on the quantity and quality of data, as well as their spatial distribution.
However, it may not always accurately reproduce the existing spatial correlation, which
can result in unrealistic spatial distributions [40,41]. An alternative estimation method is
based on a stochastic simulation approach, which, by definition, reproduces the statistical
behavior of the phenomenon. The most widely used simulation technique for forecasting
and uncertainty assessment is the sequential Gaussian simulation (SGS) method [42]. The
main advantage of the SGS is to produce alternative and equally probable stochastic
realizations that reproduce model statistics rather than reduce local forecast variation [43].
In a study of the spatial variability of extreme rainfall in Mexico, Méndez-Venegas et al. [41]
used stochastic simulation techniques with a geostatistical approach, highlighting the
Gaussian simulation as a powerful tool for studying rainfall variability and modeling its
spatial distribution. Another method that seeks to improve the accuracy of spatial estimates
is cokriging, which typically reduces the forecast error variance and outperforms kriging
when the chosen secondary variable is highly correlated with the primary variable [44,45].

Although a considerable number of studies have addressed the spatial variability of
rainfall patterns in the literature, there is still a lack of research focusing on the spatial
dependence structures for various hydrological regimes (from dry to wet years) based on
the Standardized Precipitation Index (SPI) and drought indexes, especially in the Brazilian
semiarid region. Furthermore, there is a need for a joint analysis of the relationship
between water and vegetation in the region. Indeed, the SPI values for a 12-month period
are strongly linked to streamflow regimes, reservoir levels, water security, and long-term
management [12,13,34,46].

Therefore, the aim of this research was to analyze the distribution of rainfall in a basin
area of the Brazilian semiarid region, using both observational and remote sensing data.
The study seeks to provide a methodological framework for characterizing the spatial scales
of rainfall dependence in long-term semiarid regions. This study applies both deterministic
and stochastic geostatistical procedures to map and examine the correlation of rainfall with
elevation, vegetation cover, and water availability in order to assist decision-making related
to water security, vegetation—water nexus studies, reforestation, climate change initiatives,
and public policies. Additionally, it assesses the impacts of rainfall variability on land use
and land cover (LULC) dynamics using remote sensing data and vegetation indices.

2. Materials and Methods
2.1. Characterization of the Study Site

The study was conducted in the Brigida River basin (Figure 1), located in the High
Sertao mesoregion of the Pernambuco State, Brazil (07°19'02” to 08°36'32"'S and 39°17'33"
to 40°43'06”W), with an average elevation of 557 m. The basin area belongs to the semi-
arid region of Pernambuco, covering 13,495.73 km?2, which corresponds to 13.73% of the
total surface of the state. It comprises 15 municipalities and is part of the Sao Francisco
River basin area [47]. The study basin is one of the tributaries of the Sao Francisco River
Integration Project (PISF), which plays a strategic role in ensuring future water availability
in the semiarid northeast region. The PISF main objective is to provide water supply for
the socioeconomic development of the most drought-vulnerable northeast states of Brazil
(Ceara, Paraiba, Pernambuco, and Rio Grande do Norte) [48].
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Figure 1. Location of the Sao Francisco Basin, Brazil, South America (a); Brigida River basin, Per-
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classification and the spatial distribution of rainfall stations (ID) (d); and mean annual rainfall and
years of record of the 40 analyzed rainfall stations (e).

According to the Koppen—Geiger climate classification, the region is classified as
type BSh (hot semiarid climates) and Aw (tropical with dry winter) [49,50], as shown
in Figure 1. The monthly mean temperature is 26.1 °C, indicating an average potential
evapotranspiration of 175.1 mm per month and an annual cumulative value greater than
2000 mm. The mean total annual precipitation is 608.0 mm (29 years; from 1991 to 2020),
with the wet season occurring from December to April (with an average total rainfall of
558.5 mm) [51]. The predominant vegetation in the basin is the hyperxerophilous Caatinga,
and the predominant soils are Oxisols, Ultisols, Alfisols, Entisols, and Aridisols [52].

2.2. Rainfall Data

Data from the Climate Hazards Group InfraRed Precipitation with Station (CHIRPS)
was used from 1981 to 2017 (https:/ /developers.google.com/earth-engine/datasets/catalog/
UCSB-CHG_CHIRPS_DAILY, accessed on 9 May 2023), which includes data from 50°S to
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50°N latitudes. CHIRPS combines in situ climatology and satellite imagery with a spatial
resolution of 0.05° (about 5.3 km) spanning 35 years [8-14,16,53], and has already been
validated for the Brazilian semiarid region [8]. The CHIRPS dataset was validated for the
selected basin using observed data from 40 rainfall stations, with an annual time series
of 55 years (1962 to 2017), provided by the Pernambuco State Water and Climate Agency
(APAC). These data were tested for homogeneity and missing data by APAC [54].

To evaluate the performance of CHIRPS against the observed precipitation data, a
pixel-by-pixel comparison was conducted based on the location of the rainfall stations,
and various statistical indices were used, including the coefficient of determination (R?),
Pearson’s correlation (r), Nash-Sutcliffe Efficiency Coefficient (NSE), and percentage of
bias (PBIAS). CHIRPS data, with its high resolution, has the potential to provide a better
representation of local-scale spatial variation of rainfall in the basin.

2.3. Standard Precipitation Index (SPI)

The Standard Precipitation Index (SPI) [11] was employed to evaluate the temporal
variability of cumulative annual precipitation (SPI-12), commonly adopted to monitor
drought and excessive rainfall conditions [12-14]. We used the time series of precipitation
observed at rainfall stations from 1962 to 2017, which was later supplemented with CHIRPS
data from 1981 to 2017. The SPI is given in thresholds, which correspond to the number of
standard deviations that the observed cumulative precipitation deviates from the clima-
tological mean. The precipitation classification used was described by McKee et al. [11]
and grouped according to Table 1, which ranges from the most extreme deficit to excess
precipitation situations. We selected years for each precipitation class from 1981 onwards,
based on their classification using the SPI-12, to carry out the statistical analysis.

Table 1. SPI classification according to McKee et al. [11].

SPI Classifications
>2.00 Extremely Wet (EW)
1.00 to 1.99 Severely Wet (SW)
0.50 to 0.99 Moderately Wet (MW)
0.49 to —0.49 Normal (N)
—0.50 to —0.99 Moderately Dry (MD)
—1.00 to —1.99 Severely Dry (SD)
<-2.00 Extremely Dry (ED)

2.4. Statistical Analysis

The CHIRPS data used, covering the entire basin area, consisted of 930 pixels, and
were collected from 1981 to 2017. These data were subjected to classical statistics to verify
their behavior in terms of statistical measures of position and variability. According to
the coefficient of variation (CV) values, variability was classified as low (CV < 12%),
intermediate (12% < CV < 60%), and high variability (CV > 60%), following Warrick and
Nielsen [55]. Additionally, the data distribution was evaluated in relation to the normal
distribution using the Kolmogorov-Smirnov test at a 5% significance level. The data were
then used to estimate the average semivariogram of the study area. Trend analysis was
performed by estimating the trend surface using a quadratic polynomial function and
examining the coefficients of determination obtained. Trends were considered to exist for
R? values greater than or equal to 0.7. In such cases, residual values were adopted for
the analysis.

Geostatistical analysis was conducted using GS+ software. The sampling locations cor-
responded to the center point of the CHIRPS pixels and were supplemented with observed
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values from stations. Spatial dependence was evaluated using the classic semivariogram
built from the estimate of classical semivariance, as given by Equation (1) [56].

1 NO ,
Y(h) = ZN(h) Z [Z (Xi) - Z(Xi+h)] 1)

-
—_

where y(h) is the estimated value of the semivariance of the experimental data; Z(X; + h)
and Z(X;) are the observed values of the regionalized variable; N(h) denotes the number
of pairs of measured values separated by distance h; and Xj and X; + h refer to two data
points (locations where the variable Z is measured) that are a lag distance, h, apart [57].

According to Landim [57], the sums required to calculate y(h) must include a suffi-
cient number of pairs to produce consistent results, with a minimum number of 30 pairs
per distance class adopted [58]. After evaluating the experimental semivariogram, expo-
nential, spherical, and Gaussian theoretical models were tested, and the parameters Cy
(nugget effect), Cy + C; (sill), and A (range of spatial dependence) were estimated. The
three theoretical models considered are presented below in Equations (2)—(4) [40]:

e  Exponential Model:

y(h):Co—i—Cl{l—exp [—(2)“ h#0 2)
e  Spherical Model:
’Y(h): Co+Ci, h > A
h )’ ®)
y(h)= Co+Cy [1.5(A) ~05(%) } 0<h<A

2
y(h)= Co—l—Cl{l—exp l—(i) H h+£0 (4)

where Cj is the nugget effect; C = Cy + C; is the sill; A is the range; and h denotes the
distance between points.

The degree of spatial dependence (DSD) was assessed based on the methodology
proposed by Cambardella et al. [59], which uses the relationship between the nugget effect
and the sill of the adjusted semivariogram, classifying the spatial dependence as strong,
moderate, or weak, as observed in Equation (5). Values below 25% are characterized as
strong spatial dependence, values between 25% and 75% are considered moderate, while
values above 75% indicate weak spatial dependence.

e  Gaussian Model:

C
DSD(%) = C0+°C1 )

The best models were selected by analyzing the coefficient of determination (R?) and
performing cross-validation using the Jack-Knifing criterion [60], assuming a mean error
close to zero and a standard deviation close to one.

2.4.1. Universal Kriging (UK)

After modeling the semivariograms, the values were interpolated at non-sampled sites
using Universal Kriging (UK). This technique uses both correlations with auxiliary maps
and spatial correlation, where the drift (or trend) is modeled as a function of coordinates [61],
and then kriging is performed on the local average residuals [39].

2.4.2. Sequential Gaussian Simulation (5GS)

The sequential Gaussian simulation (SGS) was applied to different classifications
of SPI. At each location, the SGS algorithm randomly selects a simulated value from
an estimated conditional cumulative distribution function. The distribution function
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is determined by the mean and variance of the kriging calculated from neighborhood
information. Running the SGS requires transforming the original data into a Gaussian
distribution, which is accomplished by transforming the normal score. The cumulative
density function is characterized by the mean and covariance [62], assuming a random
Gaussian field. By repeating these sequential steps with different random paths, the SGS
algorithm can provide various realizations of the spatial distribution of the simulated
values. In this study, to obtain an accurate probability calculation, the SGS algorithm was
run with ten, one hundred, and one thousand runs using GS+ software.

2.4.3. Ordinary Cokriging

After modeling the semivariograms, the values were interpolated at unsampled lo-
cations to estimate the primary variable using the ordinary cokriging (CKO) procedure,
which is a modification of the simple kriging method. CKO offers the advantage of using
more than one variable in the estimation process, thereby improving the estimation of the
primary variable by assuming correlation between variables [44]. In this study, rainfall
and elevation were considered the primary and secondary variables, respectively, in the
CKO method. Thus, CKO aimed to establish a suitable model for cross-continuity and
spatial dependence between the primary (rainfall) and secondary (elevation) variables.
This correlation between variables is known as interregionalization [43], which can be
quantified by cross semivariogram or cross-covariance, as seen in Equation (6).

N(h)
v(h) = 2N1(h) ; [Z1(Xi) = Z1(Xi+h)][Z,(Xi) — Zo(Xi+h)] (6)

where y(h) is the estimated value of the cross semivariogram of the experimental data;
Z(X; + h) and Z(X;) are the observed values of the regionalized variable; Z; and Z, are
spatially correlated variables; N(h) is the number of pairs of measured values separated by
a distance, h; and X; and X; + h refer to two data points (locations where the variable Z is
measured) that are a lag distance, h, apart [57].

The elevation was obtained through a Digital Elevation Model (DEM) using the Shuttle
Radar Topography Mission (SRTM) product, which was acquired from the Google Earth
Engine (GEE) with a spatial resolution of 30 m.

2.5. Assessment of Geostatistics Methods

In this study, the performance of all geostatistical methods for rainfall estimation is
compared based on the values of mean bias error (MBE), root mean squared error (RMSE),
and coefficient of determination (R?) between observed and estimated rainfall values,
according to Adhikary et al. and Hengl et al. [39,61].

The geostatistical method with the lowest MBE and RMSE values and the highest
R? value is selected as the best geostatistical method.

2.6. Analysis of Biophysical Indexes and Land Use and Land Cover (LULC)

To characterize vegetation cover in the basin and highlight water features in a semiarid
region for different years, the Normalized Difference Vegetation Index (NDVI) and Modi-
fied Normalized Difference Water Index (MNDWI) were calculated. Images from Landsat
5 TM and Landsat 8 OLI sensors were used, capturing different rainfall regimes (MD, N,
MW, and EW) during selected years after the month of September, as detailed in Table 2.
Images with less than 10% cloud coverage were processed on the Google Earth Engine
(GEE) platform (https:/ /developers.google.com/earth-engine /datasets/catalog/landsat,
accessed on 9 May 2023), provided by the National Aeronautics and Space Administration
(NASA). The images were then transferred to Google Earth Engine (GEE) where they were
atmospherically corrected for surface reflectance. All images were processed using GEE,
classified, and mapped using QGIS software version 3.22.
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Table 2. Satellite images used in the study with hour and date.

Year Satellite Date Hour (UTM) Orbit Point
ED (1993) No Landsat images after September and no clouds
SD (1983) No Landsat images

30 September 2017 12:47:34 217 65

MD (2017) Landsat 8 30 September 2017 12:47:58 217 66

7 October 2017 12:53:47 218 65

22 September 2014 12:47:26 217 65

N (2014) Landsat 8 22 September 2014 12:47:50 217 66

13 September 2014 12:53:40 218 65

13 November 2004 12:32:25 217 65

MW (2004) Landsat 5 13 November 2004 12:32:49 217 66

4 November 2004 12:38:28 218 65

24 October 1985 12:16:14 217 65

EW (1985) Landsat 5 24 October 1985 12:16:38 217 66

15 October 1985 12:22:31 218 65

Source: [63].

The Normalized Difference Vegetation Index (NDVI) is commonly used and dissem-
inated in the literature. It is calculated as the ratio between the difference of the near-
infrared and red bands’ reflectance (pnir and pg, respectively) and their sum, according to
Equation (7) [19].

NDVI = PNIR — PR @)
PNIR T PR

In turn, the Modified Normalized Water Difference Index (MNDWI) proposed by
Xu [64] aims to capture water bodies on the earth’s surface and identify water courses. The
MNDWI can be obtained by calculating the ratio between the difference in reflectance of
the green (pg) and mid-infrared (pyr) bands, divided by their sum (Equation (8)).

MNDWI = PG ~ PMIR ®)
PG+ PMIR

This index minimizes information about vegetation and accurately highlights water
bodies such as rivers and reservoirs, where positive MNDWI values indicate pixels filled
with water [64]. An estimate was made of the volume of water stored in the surface
reservoirs of the basin using Equation (9), proposed by Molle [65], who studied more than
400 reservoirs in the Brazilian semiarid region and proposed a model that considers only
the area of formed water bodies. The proposed model is highly accurate, with a coefficient
of determination of 0.946.

Vg= 1.98 5, 1001 9)

where Vy is the volume of the reservoir (m3), and S, is the area of the water bodies of the
reservoir (m?), as adopted by Silva et al. [24].

The land use and land cover (LULC) maps were obtained using the MapBiomas
Brazil platform (https://mapbiomas.org/, accessed on 9 May 2023) for the same years
analyzed in the biophysical indices (Table 2) to characterize the study area and investigate
the impacts of land use changes and climate variability. The extracted data were from the
latest available collection, collection 7.1, with a spatial resolution of 30 m and a catalog
with 27 classes, in which the following major classes were prioritized: Forest, Non-forest
natural formation, Farming, Non-vegetated area, and Water [66]. Additionally, the area
values (km?) corresponding to each of the major classes studied were extracted to quantify
the evolution of these areas over the different rainfall regimes.
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2.7. Flowchart of the Data Analysis and Processing Steps

In order to represent the stages of statistical analysis, geostatistical modeling, devel-
opment of kriging, sequential Gaussian simulation and cokriging maps, and analysis of
biophysical indices, Figure 2 shows the flowchart of the processing steps.

R.S. CHIRPS DEM
[ Resolution 5.3 ] [R'S' Landsat 5/8] 30 m resolution

Raw rainfall data
Resolution 30 m

km
Validation of
of annual R.S. Product
geord l Geostatistical
procedure:
valdated | (o
rainfall data 4 \\
SPI analvsis k& T { Classical statistical analysis; I
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Figure 2. Flowchart of the data analysis, processing steps, and procedures.

3. Results and Discussion
3.1. Rainfall via CHIRPS and SPI

Figure 3 depicts the correlation and accumulated density curve of observed rainfall
data and CHIRPS precipitation estimates. The percentage of trend (PBIAS) was 9.2%,
indicating a “very good” performance (<10%). The coefficient of determination exhibited
a high-quality fit (R? = 0.938). The Nash-Sutcliffe Efficiency Coefficient (NSE) was 0.63,
classified as “satisfactory” (>0.50), and the Pearson correlation coefficient (r) was 0.82,
further demonstrating the correlation of CHIRPS with weather stations. Additionally,
the angular parameter of the linear regression model between observed and estimated
rainfall data is very close to one, meaning no severe underestimation or overestimation
when utilizing the estimated data to represent rainfall dynamics in the basin. These results
align with those obtained by Paredes-Trejo et al. [8], where they validated satellite rainfall
estimates based on CHIRPS for northeast Brazil via automatic meteorological stations and
achieved a Pearson correlation coefficient (r) of 0.941, PBIAS = —3.58%, and NSE = 0.886.

Based on the observed rainfall data from stations before 1981 and after 1981, along
with CHIRPS data on total annual rainfall, the Standard Precipitation Index (SPI-12) was
calculated. The SPI-12 classifies years into Extremely Dry (ED), Severely Dry (SD), Moder-
ately Dry (MD), Normal (N), Moderately Wet (MW), Severely Wet (SW), and Extremely Wet
(EW) categories (Table 3). The majority of the years classified as N years; followed by MD
years; MW years; ED years; SW years; and, with only one occurrence each, SD years (1983)
and EW years (1985).
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Figure 3. Correlation between observed annual rainfall at meteorological stations and simulated
CHIRPS data (a) and cumulative density curve (b) for the period 1981-2017.

Table 3. SPI classification for the total annual rainfall measured at the station locations.

Year SPI Classification

Year SPI Classification Year SPI Classification Year SPI Classification

1962 0.47 N
1963 0.55 N
1964 1.72 SW
1965 0.19 N
1966 0.11 N
1967 1.09 MW
1968 0.29
1969 —0.13
1970 —0.48
1971 0.50
1972 —0.65
1973  0.67
1974 1.84
1975 0.12

22222227

1976  —0.33 N 1990 —-1.27 MD 2004 132 MW
1977 0.42 N 1991 081 N 2005  0.29 N
1978  —0.04 N 1992 —-0.78 N 2006 —0.32 N
1979 0.70 N 1993 221 ED 2007  —0.62 N
1980 0.49 N 1994 0.01 N 2008  0.59 N
1981 —-0.19 N 1995 0.29 N 2009 094 N
1982  —1.01 MD 1996 0.68 N 2010 —0.15 N
1983  —1.98 SD 1997 0.54 N 2011 041 N
1984 0.70 N 1998  —1.26 MD 2012 —-247 ED
1985 3.30 EW 1999 0.05 N 2013 —-0.78 N
1986 0.35 N 2000 0.02 N 2014 —-0.27 N
1987  —0.80 N 2001  —0.86 N 2015 —-0.37 N
1988 1.31 MW 2002 037 N 2016 —1.32 MD
1989 1.25 MW 2003  —0.70 N 2017 —1.02 MD

Where ED = Extremely Dry, SD = Severely Dry, MD = Moderately Dry, N = Normal, MW = Moderately Wet,
SW = Severely Wet, EW = Extremely Wet.

3.2. Statistical Analysis of Annual Rainfall

Table 4 presents the descriptive statistics of the annual rainfall data estimated by
CHIRPS for the years 1993 (ED), 1983 (SD), 2017 (MD), 2014 (N), 2004 (MW), and
1985 (EW) in 930 pixels. The coefficient of variation (CV) for these years was intermediate
(12% < CV < 60%), based on the SPI classification in Table 4, according to Warrick and
Nielsen [55]. Additionally, Medauar et al. [36] evaluated the spatial behavior and temporal
stability of the mean monthly rainfall in the Bahia State, Brazil, which is part of the NEB,
from 1975 to 2011, and found intermediate CV for all analyzed months, which supports the
findings of this study.

Figure 4 presents boxplots for annual rainfall estimated by CHIRPS for the years
1993 (ED), 1983 (SD), 2017 (MD), 2014 (N), 2004 (MW), and 1985 (EW). Rainy years (1985
and 2004) showed greater data dispersion, unlike dry years such as 1983, which presented
lower dispersion, corroborating the findings of Medeiros et al. [37]. These authors analyzed
monthly mean rainfall and observed that months with the lowest rainfall, from June to
November, in the Sertdo mesoregion in Paraiba State (also inserted in NEB), had the lowest
variability. It is also worth noting the overestimation of estimated values in 2014 (N) and
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2017 (MD) by the CHIRPS product. According to Rodrigues et al. [8], the CHIRPS product
showed a moderate overestimation of monthly rainfall ranging between 0 and 100 mm
while tending to underestimate values above 100 mm in the NEB.

Table 4. Descriptive statistics of annual rainfall estimated by CHIRPS for the Brigida basin.

Year Mean Median Maximum Minimum n SD CV (%)  p-Value (KS)
Extremely Dry (1993) 329.48 280.82 843.10 138.21 930 137.17 41.63% 0.14
Severely Dry (1983) 361.05 359.68 658.09 175.30 930 76.19 21.10% 0.05
Moderately Dry (2017) 475.55 445.60 1001.36 212.67 930 145.69 30.64% 0.10
Normal (2014) 641.66 543.09 1444.71 333.15 930 248.55 38.74% 0.16
Moderately Wet (2004) 854.19 824.72 1566.14 355.03 930 213.5 24.99% 0.09
Extremely Wet (1985) 1292.89 1237.86 2103.26 692.42 930 243.65 18.88% 0.09

Where SD = standard deviation, CV = coefficient of variation, n = number of sampling points.
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Figure 4. Box plots of CHIRPS annual rainfall data (C) and observed rainfall data (O) for Extremely
Dry (1993), Severely Dry (1983), Moderately Dry (2017), Normal (2014), Moderately Wet (2004), and
Extremely Wet (1985) years.

3.3. Universal Kriging

Trend occurrence was detected using linear and quadratic polynomials, and for such
cases, geostatistical analysis was carried out based on the residuals. Well-defined ex-
perimental semivariograms with high spatial dependence were produced based on the
autocorrelation between the residual values for the years 1993, 1983, 2017, 2014, 2004, and
1985, as shown in Figure 5. From 1981 onwards, which is the initial date of availability
of CHIRPS data, there was no SW year based on CHIRPS data (1981-2017). The semivar-
iograms parameters and validation results are presented in Table 5. Figure 5 displays a
set of modeled semivariograms for the six classes of SPI under study. The semivariances
increase with the increase in the rainfall index, and therefore, the sill (Cy + C;) is directly
related to the rainfall amount for the Brigida River basin, as also shown in Table 5.

The semivariogram models that best fit the data were the spherical (for ED and SD),
followed by the Gaussian (for N, MW, and EW) and exponential (for MD) models. The
relationship between the nugget effect and the sill ranged from 0.04% (MD) to 10.88% (EW),
indicating a strong spatial dependence for all analyzed years, according to the classification
of Cambardella et al. [59]. For monthly mean rainfall, [36] also found strong spatial
dependence for most months.
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Figure 5. Semivariogram models for CHIRPS residual annual rainfall data for Extremely Dry (1993),
Severely Dry (1983), Moderately Dry (2017), Normal (2014), Moderately Wet (2004), and Extremely
Wet (1985) years. The separation distance is given in meters (m).

Table 5. Semivariogram parameters and models for annual rainfall residual data; statistics of Jack-
Knifing procedure.

Jack-Knifing

SPI Class Model  Nugget (Cp) Sill (Co+C;) Range(A,km) R?  DSD (%) =
Extremely Dry (1993)  Spherical 80 1348 55.9 0.992 5.93% 0.01 1.04
Severely Dry (1983) Spherical 59 1998 61.0 0999  2.95% 0.01 1.03
Moderately Dry (2017)  Exponential 1 2405 114.0 0.998 0.04% 0.01 1.02
Normal (2014) Gaussian 580 6059 50.2 0.998 9.57% 0.01 1.06
Moderately Wet (2004)  Gaussian 370 7852 55.4 0.996 4.71% 0.01 1.04
Extremely Wet (1985) Gaussian 1160 10,660 37.6 0.996  10.88% 0.01 1.04

Where DSD = degree of spatial dependence, M = mean, SD = standard deviation.

Annual rainfall in the study area exhibited a spatial dependence structure, with ranges
varying from 37.6 km (for EW) to 114.0 km (for MD), indicating a comprehensive structure
of spatial dependence. Furthermore, Aradujo et al. [27] also fitted semivariogram models
for annual observed rainfall in the Brigida River basin, obtaining ranges from 20 to 45 km
and a degree of spatial dependence ranging from moderate to strong. The coefficients
of determination (R?) for the fitted models were moderate to high, with a minimum of
0.992 (for ED) and a maximum of 0.999 (for SD). Moreover, the semivariogram models were
validated using the Jack-Knifing method. However, experimental semivariances presented
gaps and oscillations due to uneven spatial distribution of rain gauges.

3.4. Cross-Semivariogram Models of Annual Rainfall

Well-constructed experimental cross-semivariograms were generated, exhibiting high
spatial dependence based on the correlation between annual rainfall and elevation data
for the years 1993, 1983, 2017, 2014, 2004, and 1985 (Figure 6). Parameters and validation
results of the cross-semivariograms are shown in Table 6. The sill is generally related to
the amount of rainfall, except for the year 1983 (SD), which can be explained by the lower
value of the parameter Cy (nugget effect).
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Figure 6. Cross-semivariogram models for CHIRPS annual rainfall and elevation data for Extremely
Dry (1993), Severely Dry (1983), Moderately Dry (2017), Normal (2014), Moderately Wet (2004), and
Extremely Wet (1985) years. Separation distance is in meters (m).

Table 6. Cross-semivariogram parameters and models for annual rainfall and elevation; statistics of
Jack-Knifing procedure.

Jack-Knifing

SPI Class Model Nugget (Cp)  Sill (Cp+Cq) Range(A,km) R2  DSD (%) SD
Extremely Dry (1993)  Gaussian 100 32,040 168.5 0.987  0.31% 0.00 1.00
Severely Dry (1983) Gaussian 10 17,200 232.3 0.986 0.06% 0.01 1.01
Moderately Dry (2017)  Gaussian 100 37,160 217.0 0.985 0.27% 0.00 1.00
Normal (2014) Gaussian 100 44,920 167.5 0.979 0.22% 0.00 1.00
Moderately Wet (2004)  Gaussian 100 51,300 212.9 0.990 0.19% 0.00 1.00
Extremely Wet (1985)  Gaussian 100 50,690 1719 0.979 0.20% 0.00 1.00

Where DSD = degree of spatial dependence, M = mean, SD = standard deviation.

3.5. Spatiotemporal Analysis (Rainfall UK, SGS and Cokriging)

The adjusted models were used to produce CHIRPS annual rainfall isoline maps for
the years 1993 (ED), 1983 (SD), 2017 (MD), 2014 (N), 2004 (MW), and 1985 (EW) using
universal kriging (UK), sequential Gaussian simulation (5GS), and ordinary cokriging
(OCK) techniques (Figure 7). The fitted models were also used to produce maps of annual
rainfall with different runs (10, 100, and 1000) using the sequential Gaussian simulation
(SGS) technique.

The northern region of the basin, which presents the highest elevation, encompasses
the “Chapada do Araripe” highland, an area with considerable spatial variability of rainfall
and a higher vegetation density. As expected, our study found that the amount of rainfall in
the basin increased with elevation. Supporting the findings of this study, Mutiga et al. [67]
calculated the water balance in the upper part of the northern Ewaso Ng'iro basin in Kenya,
with altitudes ranging from 800 to 5200 m, and observed that with increasing elevation,
the Normalized Difference Vegetation Index (NDVI) tended to increase due to greater
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rainfall occurrence, and actual evapotranspiration decreased. These results reinforce the

well-known relationship between rainfall and elevation in hydrological systems.
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Figure 7. Universal kriging (UK), sequential Gaussian simulation (SGS), and ordinary cokriging
(OCK) maps for CHIRPS annual rainfall data for Extremely Dry (1993), Severely Dry (1983), Moder-
ately Dry (2017), Normal (2014), Moderately Wet (2004), and Extremely Wet (1985) years, indicating
the location of weather stations used in the study.

The southern region of the Brigida River basin exhibited the lowest annual rainfall
values for all years analyzed. This region is part of the Cabrob¢ desertification area located
in the southern of the Pernambuco State and is characterized by a lack of vegetation cover
and high degrees of soil erosion. Among the primary causes of the desertification process,
low precipitation and deforestation should be noted [17]. The municipality of Exu (located
at an altitude above 972 m, as shown in Figure 1b) consistently had the highest rainfall
amounts in the basin for all maps.

The lowest rainfall occurred, in general, throughout the basin in the ED and SD years,
while in the MD and N years, critical areas were located in the south and west. In the MW
and EW years, the critical areas were in the southern part of the basin. The maps for the
MD, N, MW, and EW years show the area of the Brigida basin that corresponds to the
Koppen—Geiger climate classification of Aw (tropical climate with dry winter), as shown in
Figure 1b.
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Increasing the number of runs in the SGS maps often results in stability, with low or
no improvement, and a convergence criterion can be achieved with 100 runs, reducing
the computational effort, as observed in Bai and Tahmasebi [68] and Pereira et al. [69]. In
addition, there was lower statistical error comparing the map of SGS-1000 with SGS-100.
Furthermore, the SGS maps produced consistent results with low uncertainties and showed
significant similarities to the maps of universal kriging (UK).

To evaluate the behavior of precipitation from the mouth to a high-altitude region in
the basin, a transect analysis was performed on the maps of CHIRPS annual precipitation
data produced using universal kriging (UK), sequential Gaussian simulation (SGS), and
ordinary cokriging (OCK), as shown in Figure 8.
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om >4 0@
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Figure 8. Transect analysis of CHIRPS annual precipitation data using universal kriging (UK),
sequential Gaussian simulation (SGS), and ordinary cokriging (OCK) maps for Extremely Dry (1993),
Severely Dry (1983), Moderately Dry (2017), Normal (2014), Moderately Wet (2004), and Extremely
Wet (1985) years.

3.6. Performance of Different Interpolation (UK, SGS, OCK) Methods for Annual Rainfall
Estimation in the Study Area

The performance of the different interpolations (UK, SGS, OCK; Table 7) shows that
SGS has the best performance, with a coefficient of determination (R?) of 100% and MBE and
RMSE values close to zero. There is a slight advantage of OCK over UK with lower values of
RMSE. This result is consistent with Adhikary et al. [39], who evaluated three geostatistical
interpolation methods (ordinary kriging [OK], ordinary cokriging [OCK], external drift
kriging [KED]) for mapping monthly rainfall from two basins in Australia and found
that OCK interpolator yielded the best performance. In addition, maps of the standard
deviations of universal kriging (UK), sequential Gaussian simulation (SGS), and ordinary
cokriging (OCK) are presented (Figure 9). It can be verified that uncertainties associated
with the mapping are smaller when using the SGS, and the errors observed are more
pronounced for the wetter years.
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Table 7. Performance of different interpolation methods (UK, SGS, OCK) for annual rainfall estimation
in the study area.

MBE (mm) RMSE (mm) R?
SPI Class

UK SGS OCK UK SGS OCK UK SGS OCK
Extremely Dry (1993) —0.1415 —0.0003 —0.1615  55.877 0.0029 30.632 09972 1.0000  0.9992
Severely Dry (1983)  0.0010  —0.0001  0.0205 57.187 0.0028 36.781 09895  1.0000  0.9955
M"dzgtle;)y Dry 0.6475  0.0000  0.6481 35.520 0.0029 35.248 09984  1.0000  0.9984
Normal (2014) 01050  —0.0001  0.3873 18.392 0.0029 54.153 09910  1.0000  0.9992
MOd‘ggﬁ;’ Wet 03519  0.0000 —0.088  160.142 0.0029 47.650 09896  1.0000  0.9991
Extremely Wet (1985) 04379  —0.0003  0.7608  309.794 0.0028 87.278 09770  1.0000  0.9982

Where MBE = mean bias error, RMSE = root mean squared error, and R? = coefficient of determination.
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Figure 9. Standard deviation maps for universal kriging (UK), sequential Gaussian simulation (SGS),
and ordinary cokriging (OCK) of CHIRPS annual rainfall data. In addition, errors (SGS-UK) and
(SGS-OCK) for Extremely Dry (1993), Severely Dry (1983), Moderately Dry (2017), Normal (2014),
Moderately Wet (2004) and Extremely Wet (1985) years.

3.7. SPI Semivariogram Models

Rainfall data for each CHIRPS pixel was transformed into SPI data to investigate the
spatial and temporal variation in historical rainfall patterns and drought severity. Since
there is a spatial trend in the data, semivariograms were constructed with the residual
values obtained for the years 1993, 1983, 2017, 2014, 2004, and 1985 (Figure 10), along with
the adjustment parameters presented in Table 8.
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Figure 10. Semivariogram models fitted for residual SPI data during Extremely Dry (1993), Severely
Dry (1983), Moderately Dry (2017), Normal (2014), Moderately Wet (2004), and Extremely Wet
(1985) years. Separation distance is in meters (m).

Table 8. Semivariogram adjustment parameters of SPI residual data; Jack-Knifing statistics.

Jack-Knifing

SPI Class Model Nugget (Cp)  Sill (Cp + C;) Range (A, km) R2 DSD (%)
M SD
Extremely Dry (1993)  Spherical 0.0044 0.0833 54.2 0.992 5.28% 0.01 1.04
Severely Dry (1983) Spherical 0.0180 0.3590 60.4 0.998 5.01% 0.01 1.04
Moderately Dry (2017)  Exponential 0.0001 0.1078 97.2 0.995  0.09% 0.01 1.03
Normal (2014) Gaussian 0.0099 0.1148 47.8 0.999  8.62% 0.01 1.06
Moderately Wet (2004)  Gaussian 0.0110 0.1710 53.7 0.997 6.43% 0.01 1.05
Extremely Wet (1985)  Spherical 0.0001 0.1832 44.4 0.995  0.05% 0.01 1.03

Where DSD = degree of spatial dependence, M = mean, SD = standard deviation.

The SPI showed a spatial dependence structure with ranges from 44.4 km (EW year) to
97.2 km (MD year), similar to the previous analysis with rainfall data. The semivariogram
models that best fit the data were spherical (ED, SD, and EW years), Gaussian (N and
MW), and exponential (MD). The relationship between the nugget effect and the sill
of semivariograms ranged from 0.05% (EW) to 8.62% (N), indicating a strong spatial
dependence for all analyzed years, according to the classification by Cambardella et al. [59].
The coefficients of determination (R?) for the model fitting were high, with a minimum of
0.992 (ED) and a maximum of 0.999 (N), similar to the results obtained previously with
CHIRPS rainfall data. Furthermore, the semivariogram models were validated using the
Jack-Knifing method.

3.8. SPI SGS

The fitted semivariogram models were used with the sequential Gaussian simulation
(SGS) technique to produce maps of the SPI classifications with 100 runs (Figure 11). The
municipalities of Ouricuri (ID-11), Parnamirim (ID-29), and Orocé (ID-34), as well as the
northern regions of the municipalities of Santa Maria da Boa Vista (ID-35), Santa Cruz
(ID-36), and Santa Filomena (ID-12), were identified as experiencing the most severe water
deficits for all analyzed years, as classified by the SPL
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Figure 11. Sequential Gaussian simulation (SGS) maps for the SPI with 100 runs for Extremely Dry
(1993) (a), Severely Dry (1983) (b), Moderately Dry (2017) (c), Normal (2014) (d), Moderately Wet
(2004) (e), and Extremely Wet (1985) (f) years, indicating the location of weather stations used in
the study.

Even during Extremely Dry, Severely Dry, and Moderately Dry years, high (positive)
SPI values are observed in the north of the hydrographic basin, which is a higher altitude
area with an Aw (tropical climate with dry winter). This is consistent with a study con-
ducted by Santos et al. [21], which estimated actual evapotranspiration (ETa) in the Brigida
River basin and compared the dry year of 1990 and the wet year of 2009. The study found
that areas with higher altitudes in the northern part of the basin had greater vegetation
cover; lower surface temperature and albedo values; and higher NDVI (Normalized Differ-
ence Vegetation Index), SAVI (Soil-adjusted Vegetation Index), LAI (Leaf Area Index), and
ETa (Actual evapotranspiration) values for both years analyzed. Therefore, a well-defined
spatial pattern has been identified for these variables in the basin.

The anthropization of vegetated areas in the Caatinga biome is an extremely important
component causing the reduction of precipitation, as reported by Silva et al. [70]. The
authors found a reduction in precipitation for a deforested area compared to a region with
native vegetation in the non-deforested Caatinga in the Pajeti watershed, Brazil. According
to Panday et al. [71], the simultaneous occurrence of deforestation associated with climate
variability has promoted significant impacts on the water balance in the Xingu watershed,
Brazil, where abstraction of native vegetation significantly reduced rainfall in the basin. In
the Brigida Basin, it was found that 57.32% of the area is anthropized and that the spatial
distribution of rainfall is strongly influenced by the relief [20].

3.9. Analysis of Biophysical Indexes and Land Use and Land Cover (LULC)

Figure 12 shows the maps of biophysical indexes (Figure 12a,b) and major spatial
classes of LULC (Figure 12c¢). In the maps for the MW years, it is possible to identify two
reservoirs located in the central-west and central-south regions of the basin, which are
the Entremontes Reservoir (capacity of 339.33 hm?, built in 1982) and Chapéu Reservoir
(capacity of 188 hm?, built in 1936). These reservoirs are essential for domestic water
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supply, agricultural activities, and animal watering, according to the Brazilian National
Water Authority [72,73]. Furthermore, the estimated area and stored volume of the reser-
voirs is consistent with the rainfall regime of a given year, assessed through the SPI-12
index (Table 9).

MD N MW EW

Entremontes Reservoir

o, . (a) MNDWI
s + A ++ + + + , N L < 0.00
+ *{ + N + B\k + \k&(‘ + > 000
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Weather
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(c) Land use and Land cover
. i Non-vegetated area
Forest
Non-Forest Natural Formation Water
Farming
Figure 12. Modified Normalized Difference Water Index (MNDWI) maps (a), Normalized Difference
Vegetation Index (NDVI) maps (b), and annual spatiotemporal dynamics of land use and land cover
(LULC) maps (c) for Moderately Dry (2017), Normal (2014), Moderately Wet (2004), and Extremely
Wet (1985) years, indicating the location of the weather stations used in the study.
Table 9. Water mirror area and volume of water stored in the water reservoirs of the Brigida River
basin, semiarid region of Pernambuco, Brazil.
Total Area of . Total Volume of Water  Total Volume of Water
Total Area of Chapéu . . .
Year Entremontes Reservoir (m? x 10°) Stored in Entremontes Stored in Chapéu
Reservoir (m? x 10°) Reservoir (m>® x 10°) Reservoir (m> x 10%)
Moderately Dry (2017) 3.35 0 6.71 0
Normal (2014) 38.0 8.28 76.4 16.6
Moderately Wet (2004) 327 191 659 386
Extremely Wet (1985) 259 1.47 522 294

There are no images for 1983 and 1993.

There is an increase in the area of water bodies and stored volume for the wetter
rainfall regimes (from MD to EW). However, for the year 1985 (EW), there is a smaller area
and volume than in 2004 (MW). This can be explained by the greater rainfall that occurred
during the initial months of the wet season in 1985 (January and February), while in 2004,
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the highest rainfall occurred in the last month of the wet season (April). Additionally,
this behavior is also associated with an increase in the use of stored water for irrigation.
For a nearby basin, Silva et al. [24] estimated the total volume of water stored in small
reservoirs to be 8.8 x 10° m?, also using the MNDWI index. As expected, SPI-12 Index
reflects long-term precipitation patterns and is linked to stored volumes in reservoirs due
to the associated longer time scale.

The number of water bodies (blue pixels of the MNDWI) in the maps of the ED, MD,
and N years is low (Figure 12a), as reservoir storage is strongly dependent of rainfall
regime and water use allocation for different multiple uses. It should be highlighted that
the hydrological river flow regime is typically temporary, and hence in periods of droughts,
the river flow is interrupted until the following rainy season [74]. According to a study by
Marengo et al. [28], which evaluated the climate patterns of drought in the NEB from 2010
to 2016, there was a sequence of dry years that affected the levels of reservoirs in the region
and led to a water crisis. In addition, Silva et al. [23] evaluated the spatiotemporal dynamics
of water bodies in the micro-region of Vale do Ipojuca (included in the NEB) from 2014 to
2021 and found a marked decrease in the area of water bodies between 2014 (1226 ha, the
year of greatest water availability) and 2017 (683 ha), mainly in 2016 (558 ha). According to
the authors, this dynamic is associated with the occurrence of severe droughts in the NEB,
which caused significant reductions in water bodies volumes that lasted until mid-2019.

In relation to the total basin area (13,495.73 km?), 9.0%, 13.2%, 11.8%, and 31.2% were
covered by arboreal Caatinga vegetation, considering a NDVI (Figure 12b) greater than or
equal to 0.375, for the years MD (2017), N (2014), MW (2004), and EW (1985), respectively.
These results support the findings of Marengo et al. [28], who evaluated the climatological
aspects of the droughts that occurred in the semiarid region of northeast Brazil, and also
concluded that the conditions of the La Nifia event in 2013 were not enough to attenuate
the drought conditions established years before, and the El Nifio in 2015 worsened drought
conditions in later years.

Similar results of NDVI were also obtained in studies by Brito et al. [13], who quantita-
tively evaluated drought events that occurred in the semiarid region of the NEB between
1981 and 2016 and found that droughts from 2011 to 2016 were more frequent, severe, and
affected a larger area with significant impacts on the population and economic activities.
Additionally, these results also support Cunha et al. [34], who reported that unlike other
drought events that occurred in the NEB, the 2012-2013 drought persisted for 6 years (until
2017). One possible reason for the smaller areas corresponding to agriculture and livestock
in the 2004 (MW) maps compared to the 2014 (N) maps may be due to the abandonment
of agricultural areas from 2000 to 2009 in the semiarid region of Pernambuco State, in-
fluencing an expansion of exposed soil areas with low and stunted vegetation, as found
by [22] while studying the changes caused by agricultural activities in the municipality of
Capoeiras, also in the semiarid region of the Pernambuco State. A reduction in vegetation
cover was also observed when comparing the years 1990 and 2009, according to a study by
Santos et al. [21]. Furthermore, Silva et al. [23] evaluated the spatiotemporal dynamics of
vegetation cover in the micro-region of Vale do Ipojuca (included in the NEB) from 2014
to 2021 and observed, based on the NDVI maps, that the year 2014 had denser vegetation
and the resilience of the vegetation is observed in native vegetation (Caatinga) compared
to 2017.

To the north of the basin, where Chapada do Araripe is located at higher elevations,
there is a region with higher spatial variability of rainfall, as evidenced by the UK rainfall
maps. This region also has greater vegetation density, as verified by the NDVI maps, which
in turn influences the distribution of rainfall. It is noteworthy to compare Figure 11a—c
(for SPI-12) to Figure 12b (MD year) in order to verify the rainfall-vegetation nexus in the
basin, particularly in the higher areas. Even during dry years, the Caatinga canopy of
arboreal species is present, highlighting the need to preserve and regulate land use in those
areas. Undoubtedly, higher zones provide ecological services for the region, even during
dry periods.
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In their studies in the Brigida River basin, Galvincio et al. [20] also found that the
spatial distribution of rainfall is influenced by elevation. NDVI values between 0 and 0.250
are assumed to correspond to areas more susceptible to degradation, as they present areas
with exposed soil and herbaceous-graminoid vegetation due to the low resilience of native
vegetation in drier periods. Similar results were observed by Tomasella et al. [75], who
monitored degraded areas in Northeast Brazil from 2000 to 2016 and found that NDVI
values ranging from 0 to 0.30 were mostly associated with exposed soil and herbaceous-
graminoid vegetation, as well as a very low density of subshrubs. Similar results were
found by Silva et al. [22] when identifying this type of vegetation and exposed soil at NDVI
values between 0.001 and 0.264. According to the authors, NDVI values lower than 0.264
were associated with areas occupied by agriculture or livestock.

In terms of the total area of the basin (13,495.73 km?), the Forest class (Caatinga vege-
tation) accounts for 66.6%, 66.6%, 69.6%, and 82.5% of it, according to LULC (Figure 12c),
for the MD (2017), N (2014), MW (2004), and EW (1985) years, respectively. Meanwhile, the
Farming class comprises 31.6%, 31.7%, 27.9%, and 15.7% of the basin for the same years.
Indeed, there exists an inverse relationship between the Forest and Farming classes, where
one class increases while the other decreases, mainly between the MD and EW years. For
instance, the Forest class (Caatinga biome) had an area of 9155 and 11,335 km? for the MD
and EW years, respectively, while the agricultural activity area accounted for 4339 and
2159 km? for the MD and EW years, respectively. During the transition period, there was a
net increase of 2180 km? in the Forest class and a reduction of 2181 km? in the Farming class.
This was due to the deforestation of Caatinga forest areas that were cleared for agricultural
activities. These findings align with previous studies, where Silva et al. [22,23] evaluated
degradation processes in the semiarid region of northeastern Brazil (NEB) using vegetation
indices and LULC classes, highlighting the strong influence of agricultural activity on the
Caatinga biome and vice versa.

The results of this study demonstrate the effectiveness of using spatial interpolation
techniques and geostatistical analysis of rainfall data and provide valuable information
for the management of public policies related to river basins at both national and interna-
tional levels. These findings can aid in the characterization of river basins and inform the
development of management and water management techniques.

4. Conclusions

We investigated rainfall variability patterns in a Brazilian semiarid basin and properly
validated the CHIRPS rainfall product, which performed well in capturing rainfall and
drought patterns for contrasting rainfall regimes. Among the semivariograms established
and validated, the Gaussian model produced the best fit for most of the datasets that were
used. Higher areas in the basin systematically present positive values for SPI-12, even in
dry years, and exhibited high NDVI, which are directly related to canopy cover, ecological
services, and streamflow regimes at the longer time scales. By using the sequential Gaussian
simulation (SGS) technique, we identified low uncertainties in the CHIRPS data due to its
proper reproduction of the spatial variability of annual rainfall. We suggest the adoption of
100 runs as a stopping criterion to reduce computational effort for simulations.

The use of sequential Gaussian simulation (SGS) for mapping both the annual precipi-
tation and the Standard Precipitation Index (SPI-12) proved to be an efficient procedure,
being able to provide essential data for hydrological analysis in semiarid regions. The
developed framework successfully identified the vegetation cover dynamics and water
features in the basin for different rainfall regimes. The Normalized Difference Vegeta-
tion Index (NDVI) properly detected the environmental degradation occurred during the
2012-2013 severe drought. Additionally, it is worth noting that the maps of generated SPI
classifications provided valuable information on the spatial distribution of severe rainfall
deficits in the basin. Through a spatiotemporal analysis of the indices, it was possible
to identify the most vulnerable regions to intense droughts, thus emphasizing the need
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for effective management measures to be implemented for monitoring and mitigating
their effects.

Moreover, the use of the Modified Normalized Difference Water Index (MNDWTI)
provided additional insights into water body dynamics in the basin and also indicated
that, even in normal years, the number of water bodies is low, threatening water security
in the region. Additionally, our study also analyzed the land use and land cover (LULC)
in the basin, which revealed a significant change in the landscape over the years, with
the expansion of cropland and livestock (Farming class) areas. The conversion of natural
vegetation to Farming may have an impact on the water cycle and ecosystem services in the
region, affecting both the water availability and quality. Effective management measures
need to be implemented to maintain the water bodies and their associated ecological
services. In conclusion, our study provides important insights into rainfall variability and
hydrological processes in semiarid regions and presents a valuable framework for future
studies in similar environments.
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