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Abstract: Most of South America, particularly the region between the southern Amazon and south-
eastern Brazil, as well as a large part of the La Plata Basin, has its climate regulated by the South
American Monsoon System. Extreme weather and climate events in these areas have significant
socioeconomic impacts. The Madeira, Sao Francisco, and Parana river basins, three major watersheds
in Brazil, are especially vulnerable to wet and drought periods due to their importance as freshwater
ecosystems and sources of water for consumption, energy generation, and agriculture. The scarcity
of surface meteorological stations in these basins makes meteorological studies challenging, often
using reanalysis and satellite data. This study aims to identify extreme weather (wet) and climate
(wet and drought) events during the extended wet season (October to March) from 1980 to 2022 and
evaluate the performance of two gridded datasets (CPC and ERA5) to determine which best captures
the observed patterns in the Madeira, Sao Francisco, and Parana river basins. Wet weather events
were identified using the 95th percentile, and wet and drought periods were identified using the
Standardized Precipitation Index (SPI) on a 6-month scale. In general, CPC data showed slightly
superior performance compared to ERA5 in reproducing statistical measures. For extreme day
precipitation, both datasets captured the time series pattern, but CPC better reproduced extreme
values and trends. The results also indicate a decrease in wet periods and an increase in drought
events. Both datasets performed well, showing they can be used in the absence of station data.

Keywords: extreme rainfall; drought events; Brazilian basins; CPC; ERA5

1. Introduction

Most of South America, between the southern Amazon and southeastern Brazil and a
large part of the La Plata Basin, has its climate regulated by a combination of systems and
processes that are named the South America Monsoon System (SAMS) [1-6]. The lifecycle
of the SAMS is also influenced by several factors such as the complex topography and land
uses of the region and the variability in different time scales over the Pacific and Atlantic
Oceans, among others [4].

The occurrence of extreme rainfall events leading to floods and rainfall deficits causing
droughts has been extensively reported in the SAMS region [7-12], where watersheds are
extremely vulnerable to its impacts. Since the present study focuses on extreme events,
it is helpful to define what extreme weather and climate events are. Extreme weather
events are rare events in a specific location and time of year and extreme climate events are
occurrences where a climate variable value exceeds a threshold near the upper or lower
limits of observed values and persists for an extended period, such as prolonged droughts
or heavy rainfall throughout the season [13].

In Brazil, major watersheds such as the Madeira, Sao Francisco, and Parana river
basins are extremely vulnerable to extreme weather (wet) and climate (wet and drought)
events because of their relevance as freshwater ecosystems and as water sources for human
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consumption, energy generation, and agriculture [11,12,14]. Extreme precipitation events,
on a weather scale, can lead to flash floods and river flooding [15], while on a climate scale,
seasonal meteorological droughts can cause hydrological droughts, which can impact the
water supply, energy production, the transportation sector, and water quality [16]. The
north of Brazil has been suffering from a lack of rainfall, especially in the Amazon, which
has faced drought episodes in recent years, notably in 2005, 2010, 2015-2016, and most
recently in 2023/2024 [17,18].

It is also important to highlight that, in areas of South America, meteorological surface
stations are scarce [19,20], which leaves important gaps in defining extreme precipitation
thresholds, frequency, and patterns. Hence, products such as reanalysis and estimated
satellite data are commonly used to provide such information [20], but with no previous
validation with some existing stations.

Since extreme precipitation events on both a weather and climate scale can be re-
sponsible for biodiversity and economic losses, such as failures in the supply of energy
and water for agriculture and navigation, it is important to study the frequency, duration,
and intensity of such events. In this framework, the main objective of this study is to
describe the occurrence and trends of extreme weather (wet) and climate (wet/drought)
events in the Madeira, Sdo Francisco, and Parana river basins during the extended rainy
season of South America (October to March) through observed and grid point datasets: the
Climate Prediction Center (CPC) precipitation analysis and ERAS reanalysis. We also aim
to highlight the grid dataset that better represents the observations in the SAMS region.
This study is part of the project “Combinando Modelagem Numérica Climatica e uso de
Aprendizado de Mdquina na deteccao de extremos climaticos em horizontes subsazonais,
sazonais e multi-decadais”, project 88887.688971/2022-00, funded by the Coordination for
the Improvement of Higher Education Personnel (CAPES).

2. Materials and Methods
2.1. Study Area

This study focuses on three socio-economically important river basins located in the
SAMS region [21-23]: the Madeira River Basin (MRB), the Parana River Basin (PRB), and
the Sao Francisco River Basin (SFRB) (Figure 1).

2.1.1. Madeira River Basin

The MRB is mainly composed of the Madeira River, which is one of the five rivers
with the highest water flow in the world, the longest and most significant tributary of the
Amazon River, and one of the main Brazilian rivers [23]. With a hydrographic basin of
approximately 1.25 million km?, the river runs 3315 km, covering Bolivia (51%), Brazil
(42%), and Peru (7%), and is the 17th longest river in the world [23,24]. Originating from
the Beni, Mamoré, and Madre de Dios rivers, the river crosses Rondonia and flows into
the Amazon [25,26]. The MRB is divided into three regions: Upper, Middle, and Lower
Madeira (Figure 1).

Its importance ranges from the subsistence of riverside populations to the regional
economy, through the use of its water in agriculture, fishing, industry, waterway transport,
and energy production [23-25]. The MRB has a hydroelectric complex, which includes
the Jirau and Santo Antonio plants, generating around 3500 MW of energy each, which
is subsequently distributed to the Center-West and Southeast regions of Brazil [25,27,28].
The MRB is located in the Amazon biome and features a diverse range of vegetation,
including areas of campinaranas, swamps, grasslands, savannas, and upland and floodplain
forests [29,30]. The climate present in the basin is equatorial, being hot and humid, with an
average precipitation of 1940 mm year~! and temperatures between 24 and 26 °C [31,32],
influenced mainly by the SAMS [2,4,6].
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Figure 1. Representation of the study area with a zoom on the basins that were analyzed and the
locations of the pluviometric stations used. The number of stations in each basin is also indicated in
the figure in parentheses.

2.1.2. Parana River Basin

The PRB occupies around 10% of the national territory, covering six Brazilian states
and the Federal District, with an area of approximately 879,873 km? [22,33]. The PRB is
divided into six regions: Paranaiba, Grande, Tieté, Parana, Paranapanema, and Iguagu
(Figure 1). Located in the most economically developed region of the country, the PRB
meets 32% of the national water demand, mainly for irrigation, industrial, and urban
use [33,34]. With a population of around 61.4 million inhabitants, the PRB contains 36% of
the urban population and produces 45% of the country’s GDP [33,34]. It houses important
metropolitan regions such as Sao Paulo, Brasilia, and Curitiba [22,33,35]. Furthermore, this
region includes the Itaipu Hydroelectric Plant, the largest generator of clean and renewable
energy in the world [36,37].

In this basin, the predominant biomes are the Atlantic Forest and the Cerrado [38] and
the climatic parameters vary spatially and temporally, affecting water availability in the
region. The dominant climate is tropical, except in Parana and Santa Catarina, where a
temperate subtropical climate prevails [33,35]. The SACZ is the main system responsible
for rainfall in summer [39,40].

2.1.3. Sao Francisco River Basin

The SFRB contains an important river, the Sao Francisco, also known as the National
Integration River, which extends for 2863 km from latitude 7°00’ S to 21°00" S, crossing
six Brazilian states [22,41,42]. The SFRB covers 638,466 km?, around 7.5% of the Brazilian
territory, and is home to more than 14 million inhabitants [22,34]. The SFRB is divided into
four regions [21], Upper, Middle, Sub-Middle, and Lower Sao Francisco (Figure 1), and
stands out for its energy generation potential, with hydroelectric plants such as Trés Marias,
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Sobradinho, Paulo Afonso, Itaparica, and Xing6, and its water supply for the population,
navigation, fishing, agriculture, and basic sanitation [43].

Fragments of biomes such as Cerrado, Caatinga, and Atlantic Forest are found in
this basin. Furthermore, due to its territorial extension, its climate varies from hot and
humid tropical to semi-arid, influenced by systems such as SACZ [39,40,44] in tUpper and
Middle Sao Francisco and the Intertropical Convergence Zone (ITCZ) [45] in Sub-Middle
and Lower Sao Francisco.

2.2. Data

Daily rainfall data registered between 1980 and 2022 from 1898 pluviometric stations
of the National Water and Basic Sanitation Agency (ANA; https://www.snirh.gov.br/
hidroweb /serieshistoricas, accessed on 10 June 2024) and located in the MRB, PRB, and
SFRB were used in this study (Figure 1). However, only sites with at least 7300 days of valid
observations (approximately 20 years of data) were considered. ANA data were classified
according to consistency: level 1 included pre-analyzed data, used in this study, while level
2 comprised raw data.

Daily rainfall data from the Gauge-Based Analysis of Global Daily Precipitation
(CPC) [46,47] generated by the National Oceanic and Atmospheric Administration/Climate
Prediction Center (NOAA /CPC) and reanalysis data from ERAS [48], provided by the
European Center for Medium-Range Weather Forecasts (ECMWF), from 1980 to 2022, were
also used. CPC analysis has a horizontal spatial resolution of 0.5° and combines data
from surface observations of approximately 30,000 sites from around the world, creating a
unified, high-quality dataset. ERAS5 reanalysis has a 0.25° horizontal spatial resolution and
combines model data and global observations to create a complete and consistent dataset,
based on the laws of physics.

The flowchart below summarizes all the analyses performed (Figure 2), which will be
described in more detail in the following sections.

Extreme weather (wet) and climate (wet/drought) events in

the Madeira, Sao Francisco, and Parana

(Download daily rainfall data \

from ANA, CPC and ERAS /

/ VALIDATION OF THE \ / EXTREME WEATHER \

performance
ERAS using: BIAS,
Pearson correlation, RMSE,

Willmott

NSE.

|

EXTREME CLIMATE EVENTS

PRECIPITATION DATA EVENTS
¢ Calculation the daily e |dentification of extreme * Identification of dry and
spatial mean of precipitation precipitation events (above wet periods using the
for each sub-basin and for the 95th percentile) March SPI-6. Periods with
the entire basin; between  October  and SPI-6 below -1 (or above
* Evaluation of the March: 1) were considered dry

CPC  and * Annual trends of the (or wet).

extreme events through the

Mann-Kendall test

VRN AN J

Figure 2. Flowchart summarizing the steps of the analyses performed in this article.
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2.3. Validation of the Precipitation Data

Since we aimed to conduct an integrated study of each sub-basin and the basins as a
whole, the precipitation spatial average for each sub-basin and the entire basin was initially
calculated for each day of the study period and each dataset (CPC, ERA5, and rain-gauge
stations). To delimitate the sub-basin and basin areas, the shapefiles provided by ANA
were used. Then, to evaluate the performance of CPC analysis and ERA5 reanalysis in
the study region, we compared the daily time series obtained with the averaged area with
those from rain-gauge stations through a set of statistical measures: mean error (BIAS) [49],
Pearson correlation coefficient [50,51], root mean square error (RMSE) [49,51,52], Willmott
Index [53,54], Kling-Gupta efficiency coefficient (KGE) [55,56], and Nash-Sutcliffe efficiency
(NSE) [57,58].

2.4. Extreme Weather Events

The time series (ANA, CPC, and ERA5) obtained with the methodology from Section 2.3
were used to identify extreme weather events. Daily rainfall extremes occur when the daily
precipitation values exceed the 95th percentile (P95), calculated considering only rainfall
values above 1 mm within the months of the extended rainy season (from October to March).
The number of days per year with precipitation values over the threshold of the 95th percentile
was calculated. Following this, the Sun’s slope was computed and the Mann-Kendall test [51]
was applied to verify the statistical significance (at 0.05 level) of the trends related to the
frequency of occurrence of precipitation extremes.

2.5. Extreme Climate Events

Drought and wet periods were identified through the Standardized Precipitation Index
(SPI), calculated considering the average time series of the entire basins for all datasets
(ANA, CPC, and ERAS5). The SPI is an index that only uses historical precipitation series to
identify drought and wet periods [59]. It was developed by Mckee et al. [60] and has the
advantage of being able to be calculated for different time scales, and it is recommended
by WMO [61]. In this study, the SPI-6 from March, which refers to precipitation between
October (of the previous year) to March, was analyzed. The choice of the March SPI-6 was
made based on the desire to evaluate the extended rainy season of South America, in order
to check seasonal drought and wet events in the basins during the rainiest months, and
to verify which database (CPC or ERA5) has more similarity with observations. Periods
in which the March SPI-6 was less (more) than —1 (1) were considered as drought (wet)
episodes, the value at which a drought (wet) event begins, according to the SPI classification
developed by Mckee et al. [60].

3. Results and Discussion
3.1. Basic Statistical Analysis

Although our main focus is on the representation of extreme weather and climate
events by CPC and ERAS5, here we also present the performance of these grid datasets in
reproducing the basic climatology of each subbasin. For the MRB, both datasets (CPC and
ERAD) indicate higher precipitation volumes in the northern portion of the basin, where
the Lower Madeira (III) region is located, which includes the Madeira river hydroelectric
complex, comprising the Jirau and Santo Anténio plants. Higher rainfall is also observed
in the western region, near the borders of the Upper (I) and Middle Madeira (II) regions
(Figure 3a,b). The southern part of the basin, particularly in the Upper Madeira (I) region,
shows lower accumulated rainfall rates, consistent with Vergasta et al. [62], and this
subregion presents the greatest discrepancies between the CPC and ERA5, with the CPC
indicating low precipitation accumulations throughout the region, while ERA5 shows
low values only in the southern part, with some areas in the north accumulating more
than 2000 mm. Regarding monthly averages, while CPC tends to underestimate the ANA
observations, particularly during the rainy season, ERA5 shows more subtle differences
when compared to observations (Figure 3d). This pattern shifts during the driest periods,
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with CPC data aligning more closely with observations, while ERA5 tends to overestimate
precipitation in the basin, as also observed by Liu et al. [63], who identified this same
tendency for overestimation in relation to monthly precipitation in the Amazon basin
region. The statistical results calculated from daily precipitation data revealed smaller bias
for ERA5; however, there were no large differences in other statistical parameters computed

for CPC and ERAS, respectively (Figure 3c).
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Figure 3. Analysis for the MRB: climatology of accumulated precipitation for the rainy season
(October to March) for (a) CPC and (b) ERA5; (c) statistical analysis based on daily data; (d) monthly
climatology; and (e) annual accumulation. In (d,e), the ERA5 database is indicated in green, the CPC
is indicated in blue, and the observations are shown in black. Regions I, I and III indicate the Upper,
Middle and Lower Madeira regions, respectively.

To improve understanding, especially in the Upper Madeira region, where there are
few meteorological stations available, two-point comparisons were added (Figure 4). The
results show that the CPC model outperforms ERA in both locations in Upper Madeira
(1559000 and 1560000). CPC presents lower errors (BIAS and RMSE) and better correlations
(Pearson), in addition to greater agreement with observations, reflected in metrics such as
the Willmott Index, KGE, and NSE. The monthly climatology and annual accumulated pre-
cipitation curves indicate that CPC more accurately captures the seasonal and interannual
variability of precipitation, while ERA presents greater deviations, especially in correlation
and mean square error.
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Figure 4. Statistical analysis based on daily data, monthly climatology, and annual accumulation for
2 stations in Upper Madeira: (a) 1559000 and (b) 1560000. The ERA5 database is indicated in green,
the CPC is indicated in blue, and the observations are shown in black.

The spatial patterns of precipitation provided by CPC and ERAS are similar in the
PRB (Figure 5a,b). The highest rainfall values are concentrated in the northern (I and II)
and southern (VI) extremities of the basin, as also shown by Rafee et al. [64] and Freitas
et al. [12]. In the southern part of the region (VI), the Itaipu Power Plant is present—
the largest global generator of clean and renewable energy [65]. Despite CPC slightly
underestimating precipitation data (negative bias), the results indicate that CPC performs
better than ERAS across this entire basin (Figure 5¢). This good performance, albeit with a
slight underestimation of the CPC data, was also observed by Cardoso and Quadro [66],
who evaluated precipitation in the southern region of Brazil, where a large part of the basin
is located.

Due to its vast latitudinal extension, precipitation in the SFRB exhibits higher rainfall
values concentrated in the southern sector of the basin (I and II) and lower rainfall values
in the Sub-Middle (III) to Lower (IV) Sao Francisco regions (Figure 6a,b), as also shown
by Freitas et al. [11]. The Brazilian semi-arid region is located in subregions III and IV,
and the water demand here is greater than the supply, which generates socioeconomic
impacts [67,68]. CPC and ERA5 indicate that the monthly and annual average have similar
patterns to the observation, although both datasets underestimate precipitation values
(Figure 6d,e). The statistical analysis shows that, although closely matched, CPC has
superior performance (Figure 6¢). Overall, both datasets exhibit high correlation and
low bias, with agreement with ANA, especially notable for the CPC database. Torres
et al. [69], when evaluating different databases with regard to the SFRB, also identified
good performance of CPC data in this region.

In general, for the three basins, both datasets show strong correlation coefficients, low
error (RMSE), and high agreement values with the ANA data, indicating good performance
(Willmott Index, KGE, and NSE). However, the CPC results stand out, especially in the
PRB, demonstrating superior performance compared to the other datasets.
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Figure 5. Analysis for the PRB: climatology of accumulated precipitation for the rainy season
(October to March) for (a) CPC and (b) ERA5; (c) statistical analysis based on daily data; (d) monthly
climatology; and (e) annual accumulation. In (d,e), the ERA5 database is indicated in green, the CPC
is indicated in blue, and the observations are shown in black. Regions I, II, III, IV, V, and VI indicate
the Paranaiba, Grande, Tieté, Parana, Paranapanema, and Iguacu regions.
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Figure 6. Analysis for the SFRB: climatology of accumulated precipitation for the rainy season
(October to March) for (a) CPC and (b) ERA5; (c) statistical analysis based on daily data; (d) monthly
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climatology; and (e) annual accumulation. In (d,e), the ERA5 database is indicated in green, the CPC
is indicated in blue, and the observations are shown in black. Regions I, II, I1I, and IV indicate the
Upper, Middle, Sub-Middle, and Lower Sao Francisco regions.

3.2. Extreme Daily Precipitation Events and Trend Analysis

The occurrence of extreme rainfall events was assessed by comparing daily precipita-
tion data (averaged within each subregion of the basin) during the extended rainy season
with the 95th percentile values obtained from the time series (ANA, CPC, and ERAS5).
Except for the Upper Madeira region, which had a limited number of stations available, all
other regions showed consistent P95 values across the different datasets (Figure 7), with
observations presenting a slightly higher value.

Basin

HP95 ANA mP95 CPC mP95 ERA

[ = < 3 < - [
= s :|§4 £ 2 T § £ gB|§ & = = ¢
5 Z s | & g g E 5 2 512 5 2B B 3
s 4 S - = 5 A
~ ] 3
g 5}
Madeira Parana e Sao Francisco

Figure 7. P95 values (precipitation in mm) identified by the ANA, CPC, and ERA5 datasets consider-
ing the average in the basins and for each of the subregions. The ERA5 database is indicated in green,
the CPC in blue and the observations are shown in red.

The occurrence of extreme events in the MRB (Figure 8a) exhibits a similar average
across the analyzed period (1980-2022) in most subregions, except for Upper Madeira,
which has only two rain gauges. In the Upper Madeira region, the CPC underestimates the
number of extreme events, whereas ERA5 overestimates it. For instance, the years 2007 and
2008 were marked by flood events in this region, leading to significant economic impacts
and numerous fatalities [70]. During these years, both CPC and ERAS5 recorded extreme
precipitation events above the average (Figure 8d). However, ANA data did not indicate a
trend, likely due to the limited number of rain gauges in this region. Overall, in the MRB,
ANA indicates a decreasing trend in the number of days with extreme rainfall events across
the entire basin, with statistical significance in almost every region except Middle Madeira
(Table 1). The CPC results corroborate those obtained from ANA data, although they do
not show statistical significance. On the other hand, ERAS5 indicates a significant increasing
trend in the number of occurrences in almost the entire basin. Espinoza et al. [71] also
identified a downward trend in the annual frequency of rainy days (precipitation greater
than 10 mm) in the period from 1981 to 2009 in the region where the MRB is located, more
specifically in the Bolivian Amazon, in the south of the Brazilian Amazon, and in the border
area between Peru, Colombia, and Brazil.
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Figure 8. Number of days with extreme precipitation higher than P95 identified by the ANA, CPC,
and ERAS datasets in the MRB regions between 1980 and 2022: (a) entire basin; (b) Upper; (c) Middle;
and (d) Lower. In some figures, the means of the datasets are quite close, which causes the black line
representing the average to appear as a single line. The ERA5 database is indicated in green, the CPC
is indicated in blue, and the observations are shown in red.
Table 1. Trends (increase represented by the letter I and decrease by D) and statistical significance
obtained with Mann—Kendall analysis of the different datasets (ANA, CPC, and ERA5), considering
the entire basin and the subregions, from 1980 and 2022. Significant trends occur when p-value is
lower than 0.05.
Mann-Kendall
Region ANA CPC ERA5
8 Trend [ p-Value | Significant] Trend [ p-Value [ Significant] Trend [ p-Value [ Significant
Madeira
Basin D 0.0444 Yes D 0.9413 No I 0.0189 Yes
Upper D 0.0052 Yes D 0.4058 No D 0.4294 No
Middle D 0.5604 No I 0.0795 No I 0.0068 Yes
Lower D 0.0143 Yes D 0.9161 No I 0.0000 Yes
Parana
Basin D 0.0579 No D 0.0009 Yes D 0.0686 No
Paranaiba D 0.0840 No D 0.0003 Yes I 0.8580 No
Grande D 0.0027 Yes D 0.0003 Yes D 0.1280 No
Tieté D 0.0044 Yes D 0.0009 Yes D 0.6265 No
Parana I 0.0472 Yes I 0.1741 No I 0.8159 No
Paranapanema D 0.3367 No D 0.7502 No D 0.3358 No
Iguacu D 0.5185 No D 0.3259 No I 0.5330 No
Sao Francisco
Basin D 0.0354 Yes D 0.0668 No D 0.3306 No
Upper D 0.1456 No D 0.0106 Yes D 0.3067 No
Middle D 0.0920 No D 0.2510 No D 0.6578 No
Sub-
Middle D 0.3559 No I 0.1625 No D 0.2238 No
Lower D 0.8805 No I 0.0637 No D 0.3760 No

The average number of extreme events identified through the CPC and ERAS5 in
the PRB was closely aligned (Figure 9a). Additionally, the evolution in the frequency of
extreme rainfall events over the years follows a consistent pattern, albeit with occasional
discrepancies where ANA data were either underestimated or overestimated. Across most
areas of the basin, notable peaks occurred during the years 1982/1983 and 1997/1998,
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PARANA

marked by above-average values which resulted in economic and social losses due to
floods [72]. Strong El Nifio events, associated with the movement of the SACZ to the
southeast of Brazil, where most of the PRB is located, were detected in both periods,
as identified by Valverde and Marengo [72]. However, during the 2020/2021 period,
many subregions experienced values below the average, coinciding with severe drought
conditions affecting parts of the basin [12]. Overall, the observations also indicated a
decreasing trend in the annual occurrence of extreme rainfall events across almost the
entire PRB (Table 1). The northern and northeastern portions (Grande and Tieté) showed
a statistically significant decrease (Table 1). However, in the central part of the basin, in
the Parana region, there was a significant increase in the annual occurrence of rainfall
events. The CPC trends were found to be very similar to those from ANA, indicating a
statistically significant decrease in the number of events both for the basin as a whole and in
the northern and northeastern portions (Paranaiba, Grande, and Tieté). However, the ERA5
results showed some differences, with an increase in the number of events in more areas,
but without statistical significance. The results from ANA and CPC are consistent with
previous studies that analyzed the trend of extremes in the PRB region, which also indicate
negative trends in the occurrence of extreme rainfall events in the northern and northeastern
portions and positive trends in the central and southern parts of the basin [64,73].
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Figure 9. Number of days with extreme precipitation higher than P95 identified by the ANA,
CPC, and ERAS5 datasets in the PRB regions between 1980 and 2022: (a) entire basin; (b) Paranaiba;
(c) Grande; (d) Tieté; (e) Parand; (f) Paranapanema; (g) and Iguagu. In some figures, the means of the
datasets are quite close, which causes the black line representing the average to appear as a single
line. The ERAS5 database is indicated in green, the CPC is indicated in blue, and the observations are
shown in red.

In the SFRB, the average results of extreme rainfall events were consistently similar
across all datasets, with minimal variation over time (Figure 10a). The middle Sao Francisco
region exhibited a more uniform pattern in the frequency of extreme events compared
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to the other subregions analyzed. For example, 1992 presented the highest number of
extreme rainfall events recorded (Figure 10c), coinciding with one of the major floods in the
basin [72,74]. Conversely, the SFRB presented the highest number of years without extreme
events compared to the MRB and PRB. Specifically, the period 2014/2015 experienced a
number of extreme events which was below the average, coinciding with one of the severest
droughts in the region [11,75,76]. Overall, ANA data indicated a decreasing trend in the
number of extreme rainfall events, with significant decreases across the basin as a whole
(Table 1). ERAS5 presented results similar to ANA, indicating a decreasing trend in events,
but without statistical significance. On the contrary, CPC trends were different, with two
regions (Sub-Middle and Lower) showing an increase in the number of extreme events,
though not statistically significant. Additionally, the CPC for the Upper Sao Francisco
region, located in southeastern Brazil where the river’s source is found, showed a significant
decrease in the number of rainfall events. Santos et al. [77] also identified in their study on
the semi-arid region of Brazil—where a large part of the SFRB is concentrated—a negative
trend in the frequency of extreme events in a large part of the area analyzed in the period
from 2001 to 2020.
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Figure 10. Number of days with extreme precipitation higher than P95 identified by the ANA, CPC,
and ERAS datasets in the SFRB regions between 1980 and 2022: (a) entire basin; (b) Upper; (c) Middle;
(d) Sub-Middle; and (e) Lower. In some figures, the means of the datasets are quite close, which
causes the black line representing the average to appear as a single line. The ERA5 database is
indicated in green, the CPC is indicated in blue, and the observations are shown in red.

3.3. Extreme Climate Events

Climate-related extreme wet and drought events were identified using the SPI-6 from
March, which stored the information regarding the extended rainy season. The results
revealed a shift in the patterns of occurrence of extreme events across the basin, evident
in both datasets (Figure 11). Above-average rainfall events have become less frequent,
while drought events have become increasingly common. In the MRB, ANA recorded
seven drought episodes and eight wet episodes (Figure 11a). The CPC, in turn, captured six
droughts and six wet events, while ERA5 identified six droughts and only five wet periods
(Figure 11b,c). Some of the wetter events recorded by ANA are associated with flood
years in Porto Velho, a municipality belonging to the MRB, such as 1982, 1984, 1988 and
1997 [78], and these events were more effectively captured by the CPC data (Figure 11b).
The year 2014 stands out as a period of unprecedented flooding in both the Brazilian and
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Peruvian parts of the basin, which was reflected in the wet conditions observed in the SPI,
especially in ERA5 (Figure 11c) [79]. Regarding drought episodes, the literature highlights
the years 2005, 2010, 2016, 2020, and 2022 [9,80,81]. The year 2005 was identified as dry
by ANA and ERAS5, but not by CPC. However, the droughts of 2016, 2020, and 2022 were
effectively captured by CPC. The year 2010 was not captured by any dataset, corroborating
the observations of Molina-Carpio et al. [82], who also did not identify this period as dry.
In general, the ANA and CPC datasets show a similar variation pattern, with more wet
episodes at the beginning of the series and more dry episodes at the end. However, ERA5
exhibits an inverse behavior, with an increase in wet events in more recent years.
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2

A _ A . __________B _ _eywe
« 1 _ _ ﬁ__ e~ o __ _|Moderately wet
N RWA N Jrann
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Figure 11. March SPI-6 for the MRB considering the datasets (a) ANA, (b) CPC, and (c) ERA5.
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In the case of the PRB, four dry periods and eight wet periods were identified using SPI-6
calculated with ANA data (Figure 12a). Using CPC data, seven dry and five wet episodes
were identified, while ERA5 indicated six dry and seven wet periods (Figure 12b,c). In general,
the wettest periods occurred at the beginning of the series of all datasets, coinciding with
several flood episodes in the basin, mainly between 1983/1984 and during the 1990s [83,84].
The SPI-6 results indicate that the most recent years have been drier in the basin, which is in
line with previous findings in the literature [12,85]. Overall, both datasets present consistent
SPI results, demonstrating similar behavior throughout the analyzed period.
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Figure 12. March SPI-6 for the PRB considering the datasets (a) ANA, (b) CPC, and (c) ERAS.
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In total, the SPI-6 data from ANA indicate the occurrence of eight dry and seven wet
episodes in the SFRB (Figure 13a). The CPC identified six dry and nine wet periods, while
ERAS5 showed six dry and eight wet periods (Figure 13b,c). As in the PRB, the wettest
periods in the SFRB were recorded early in the series in both datasets, coinciding with flood
episodes in the basin, such as in 1983, 1992, and 2004 [84,86]. Since 2013, the SFRB has
experienced prolonged periods of below-average precipitation, as indicated by the SPI-6
of the analyzed databases, which is in line with reports in the literature [11,76]. Overall,
the CPC and ERAS5 data effectively identified the behavior of the SPI-6 series in the SFRB
during the period from 1980 to 2022.
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Figure 13. March SPI-6 for the SFRB considering the datasets (a) ANA, (b) CPC, and (c) ERAS5.
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In general, in the past, drought events in the Amazon region were mainly associated
with the warm phase of the El Nifio-Southern Oscillation and/or the positive phase of the
North Atlantic Oscillation (NAO). The NAO affects the transport of atmospheric moisture
to the Amazon, impacting annual rainfall variability [87,88]. In addition, increased defor-
estation and land use changes in the North and Central regions of Brazil have aggravated
these effects, altering local climate dynamics and intensifying the occurrence of dry events
in the study areas, especially in the MRB and PRB [89,90]. In the case of the SFRB, the
tendency towards desertification is one of the main problems, affecting the hydrological
cycle and making the region more arid and susceptible to extreme events [91,92].

4. Conclusions

In this study, an analysis of extreme weather and climate precipitation events during
the rainy season was conducted in the MRB, PRB, and SFRB, which belong to the SAMS
region. Additionally, the performance of CPC and ERA5 data in identifying the occurrence
of these events was evaluated. Statistical analysis of the daily data revealed that the CPC
set performed better in all basins analyzed.

The analysis of extreme weather rainfall events showed similar patterns for both
datasets in most subregions of the basins. In general, with the exception of Upper Madeira,
both datasets captured the pattern of the time series, but CPC better reproduces the extreme
values as well as the trend of the data. In the MRB, episodes such as the 2014 flood, which
caused losses, were recorded as above-average extreme events by both datasets. In the PRB,
CPC and ERAS records of extremes were aligned, with notable peaks in 1982/1983 and
1997 /1998 due to floods that resulted in economic and social losses, and below-average
values in 2020/2021 due to a severe drought affecting parts of the basin. In the SFRB, the
results were also consistent, with peaks in 1992 coinciding with one of the largest floods
in the basin, and periods of low occurrence of extreme events during the severe drought
of 2014/2015. Most of the subregions also showed a decreasing trend in the number of
identified extreme weather rainfall events between 1980 and 2022.

According to the SPI-6 results, the pattern of extreme climate rainfall and drought
events in the basins has changed, with a decrease in the frequency of above-average rainfall
events and an increase in droughts. This change has been observed since the mid-1990s
in the MRB and PRB and since 2010 in the SFRB. Overall, this change in the pattern of
occurrence of extreme weather events was effectively reproduced by both datasets (CPC
and ERA5). In the MRB, the extreme drought of 2010 was well represented by the SPI-6 from
the datasets. In the PRB, recent SPI-6 data from both datasets indicate an intensification of
droughts starting from 2020/2021. In the SFRB, the region has been experiencing prolonged
periods of drought since 2013, which are also identified in both datasets. The increase in
the occurrence of droughts in recent decades may have significant implications for water
availability, agriculture, and biodiversity in the studied basins.

The trends observed in the study basins are expected to persist under climate change
scenarios. Studies such as that by [93] indicate drier conditions in the North and Northeast
regions of Brazil. In the Amazon, Llopart et al. [94] highlighted that the hydrological cycle
is partially affected by the reduction in moisture convergence in the region. These studies
serve as important warnings for decision-makers, who need to prepare for problems that
are already underway and that may intensify in the future, such as water scarcity and
increased occurrence of fires [95,96].

Figure 14 summarizes all analyses performed, indicating which dataset performed
best. Overall, the CPC data presented the best statistical results for all basins. Regarding
extreme precipitation events, although ERAS5 performed better in percentage values, the
CPC data identified precipitation extremes better, except for the MRB. For the analysis
of drought events and Mann-Kendall trends, both datasets performed well. The lack of
meteorological stations in the Upper Madeira region may have negatively influenced the
results of the comparison between the datasets. Overall, both datasets performed well,
indicating that they can be considered in the absence of station data. It is important to note
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the differences in the spatial resolutions of the data, with the CPC having a resolution of 0.5°,
while ERA5 has a finer resolution of 0.25°. Furthermore, it is also worth mentioning some
limitations of this study, in addition to highlighting the difficulties faced by Latin American
researchers, which are mainly associated with the low density of meteorological stations,
the quality of the data, which often presents inconsistencies and precision limitations, and
the use of interpolation techniques to fill areas with little station coverage, which can result
in information that does not always accurately represent real conditions [20].
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Figure 14. Summary of all analyses performed and which database presented the best results,
considering the basin as a whole and the subregions of MRB, PRB, and SFRB.
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