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Abstract

The waters of the Paraiba do Sul River supply around 15 million people, most of whom live in
metropolitan regions of the state of Rio de Janeiro. Climate change alters its precipitation regime and can
cause an increase in the occurrence of extreme hydrological events. The variability of precipitation results
from the combined effects of the surface conditions of the oceans and the variations in the dynamics of
atmospheric systems. This work aims to detect possible changes in the climatic extremes of precipitation
in the Paraiba do Sul hydrographic basin and to investigate evidences of correlation of these indices with
the oceanic oscillations associated with the El Nifio-Southern Oscillation, Pacific Decadal Oscillation,
North Atlantic Oscillation and Atlantic Multidecadal Oscillation. Results indicate that the eastern and
northeastern sectors of the basin present trends of increase in the total annual precipitation, in the
number of very humid days and in the occurrence of extreme events, in a space of time up to five days.
The west and southwest sectors, on the other hand, show decreasing trends in total annual precipitation,
in the number of very humid days, but with an increase trend in the maximum amount of rainfall on five
consecutive days. The central sector has characteristics of a transition zone. The correlation analyzes
show that the majority of the oceanic oscillation indices have a very weak correlation with the extreme
precipitation indices, while the wavelet transform does not indicate significant power at the low
frequencies.

1. Introduction

In the past few decades, a considerable increase in the annual frequency of extreme weather events has
been observed (e.g., Marengo et al., 2007). This intensification has been attributed to human activities
and climate change (Alexander et al., 2006; Carvalho et al., 2014; Avila et al., 2020; Marengo et al., 2020).
According to the Intergovernmental Panel on Climate Change (IPCC), there is strong evidence that the
energy system used by today's society will have significant impacts on the climate due to the
accumulation of greenhouse gases in the atmosphere, influencing future temperature and precipitation
patterns throughout the globe (IPCC, 2018). These changes can lead to serious problems in vulnerable
regions, particularly in sectors such as agriculture and water resources, which are already impacted by
natural climatic variation, and can be intensified in a warmer climate and with possible changes in
regional rainfall patterns (Chadwick et al., 2016; Zilli et al., 2017, Abou Rafee et al., 2020).

The waters of the Paraiba do Sul river supply approximately 15 million people, mostly from metropolitan
regions in the state of Rio de Janeiro, which essentially depends on this hydrographic basin (Lopes, 2018;
Ferreira, 2019; Brasiliense et al., 2020). These waters are also reallocated to the Cantareira System in
order to mitigate the vulnerability of the main source of water of Metropolitan Area of Sao Paulo
(Deusdara-Leal et al., 2020). Bearing in mind that the water cycle is directly linked to the climate, its
changes —which alter the rainfall regime— can cause an increase in the occurrence of extreme
hydrological events, such as floods and/or long periods of drought (Marengo and Alves, 2005; Teixeira
and Satyamurti, 2011; Ribeiro, 2020). Groisman et al. (2005) showed that on a global scale, changes in
intense rainfall tend to be more impacting than changes in average precipitation totals, and that
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increases in events with extreme precipitation have occurred in many regions where no change in average
totals or even a decrease in precipitation was observed.

Several regional studies have identified positive trends in rainfall extremes in southeastern Brazil
(Dereczynski et al., 2013; Marengo et al. 2013; Carvalho et al. 2014; Avila et al. 2016; Zilli et al. 2017;
Sobral et al., 2019; Avila et al., 2020; Marengo et al., 2020). Avila et al. (2016) found that the frequency
and intensity of extreme daily precipitation have increased over mountainous regions in Rio de Janeiro
state. Zilli et al. (2017) also found that the frequency of both rainy days and extreme daily precipitation
events have increased in Sao Paulo state. However, precipitation has become more concentrated in fewer
events in Rio de Janeiro and Espirito Santo states, both with positive trends in the intensity of extreme
daily rainfall. Sobral et al. (2019) identified significant trends of annual rainfall increase in the northern
Rio de Janeiro, and significant reduction trends in the mountainous and center-south regions of the state.
Avila et al. (2020) evidenced that consecutive dry days, maximum and heavy precipitation days are been
observed more often in Vigosa-Minas Gerais. Marengo el at. (2020) showed a significant increase in the
total volume of rainy-season rainfall during the last seven decades in the Metropolitan Area of Sao Paulo.

The variability of precipitation results from the combined effects of variations in the dynamics of
atmospheric systems and the surface conditions of the oceans (Nobre and Shukla, 1996; Luiz-Silva et al.,
2020). The South American continent is located between the two largest oceans, the Pacific and the
Atlantic. Therefore, understanding the phenomena that occur in these oceans and their respective
atmospheric couplings is of fundamental importance for studies of the dynamics of precipitation in the
region (Siqueira, 2012).

Marengo (2006) carried out a study for the period 1979-2000, and have found reductions in precipitation,
runoff and moisture convergence in El Nifio years, and increases in these variables in La Nifia years in
northern South America, including northeastern Brazil. The South Region of Brazil presents the opposite
behavior of what occurs in the North and Northeast, that is, during El Nifios (La Nifias), the rate of
precipitation increases (decreases) over this region. El Nifio and La Nifia events do not directly increase or
reduce precipitation in southeastern Brazil (Minuzzi et al. 2006, 2007; Cataldi et al., 2010; Brito et al.,
2017; Oliveira-Junior et al., 2018; and Sobral et al. 2019).

Cardoso and Cataldi (2012) observed that the flow of Brazilian rivers has significant relationships with
different climatic and teleconnection patterns, with emphasis on the correlation with the lower frequency
variability patterns, such as Pacific Decadal Oscillation (PDO). Changes in atmospheric circulation
modes, associated with PDO in South America, are characterized by the strengthening of Walker
circulation during the cold phase of PDO and by its weakening during the hot phase (Garcia and Kayano,
2008). Kayano and Andreoli (2007) point out that the influence of El Nifio-Southern Oscillation (ENSO)
through teleconnections, over the precipitations in South America are considered strong when ENSO and
PDO are in the same phase, creating constructive effects. Otherwise, opposite phases the result is
destructive.
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Capozzoli et al. (2017) characterized the main patterns of spatial and temporal variability of river flows in
the main Brazilian hydrographic basins, relating them to climatic patterns through Principal Component
Analysis. The main flow modes of the rivers presented interannual variations associated with the ENSO
phenomenon and significant correlations with the sea surface temperature (SST) in the tropical Atlantic.
Climatic patterns associated with the multidecadal variability of the Atlantic Ocean and the decadal of
the Pacific Ocean, have persistent relationships with the first six flow modes.

Several studies have shown the existence of variability in the interdecadal scale in precipitation in
Argentina and Uruguay, and in river flows in southeastern South America (Castafieda and Barros, 1994;
Krepper and Sequeira, 1998; Robertson and Mechoso, 1998). Santos et al. (2011) showed that the
positive phase of the North Atlantic Oscillation (NAO) significantly affects the tropical region, inhibiting
convection along the Intertropical Convergence Zone (ITCZ) and intensifying upward movements in
northern South America.

It is known that precipitation over the tropical Atlantic is shifted northwards during the warm phase of the
Atlantic Multidecadal Oscillation (AMO); this implies an anomalous position of the ITCZ to the north,
which decreases precipitation during the rainy season in the north of the Brazilian Northeast, from March
to May (Knight et al., 2005). However, the sequence of the AMO cycle can reverse this signal by forcing
the ITCZ to the south and, thus, oscillating between drier and wetter decades (Knight et al., 2005). When
analyzing sedimentary data from the Rio da Prata Basin, Chiessi et al. (2009) found a periodicity of 64
years linked to the South Atlantic Convergence Zone (SACZ) and the monsoons in South America, which
was attributed to AMO. Thus, the cold phase of AMO (hot phase of AMO) corresponds to a warmer South
Atlantic (cold), which increases (decreases) the activity of the SACZ also due to the position of the
Intertropical Convergence Zone (ITCZ), and displaces the main precipitation band of the South America
monsoon to south (north).

The Paraiba do Sul River Basin is located in an intermediate area between the regions that present strong
and opposite signs of these oceanic oscillations in their precipitation regimes. Thus, the objective of this
study is to identify possible changes in the precipitation extremes for the Paraiba do Sul river basin and
to investigate, as successfully described in the work of Zilli et al. (2017), the correlation of the PSL Daily
Gridded Precipitation Dataset — a set of pure precipitation observational data — with ocean oscillations El
Niflo-Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO), North Atlantic Oscillation (NAO) and
Atlantic Multidecadal Oscillation (AMO).

2. Material And Methods
2.1. Study area

The Paraiba do Sul river basin (Fig. 1) covers three states in the Southeast Region of Brazil and has a
drainage area of approximately 55,500 km?, between the parallels 20° 26' S and 23° 00' S and between
the meridians 41° 00' W and 46° 30' W. It is limited to the North by the basins of the rivers Grande and
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Doce and by the mountains of Mantiqueira, Caparad and Santo Eduardo. To the Northeast, the
[tabapoana River basin establishes the limit of the basin. To the south, the limit is formed by the Sao
Paulo and Fluminense stretches of Serra do Mar (CEIVAR, 2006). The Paraiba do Sul River rises in the
Serra da Bocaina, in the state of Sao Paulo, at 1,800 m altitude, and flows into the North Fluminense
Region, in the municipality of Sdo Jodo da Barra, covering an approximate length of 1.15 thousand km.

The rainfall presents itself with two very characteristic periods: a dry season (from June to August),
characterized by tropical conditions of continental nature, with low relative humidity of the air, and a rainy
season (from October to March), characterized by the domain of the mass of humid and unstable
equatorial continental air, with high relative humidity and high levels of precipitation (ANA, 2010). In
addition to these two well-defined seasons, there are transition periods: from the dry to the wet season
(September and October) and from the wet to the dry season (April and May). The annual precipitation
varies from 1000 mm over the northern part of the Rio de Janeiro state and 2000 mm over the
Mantiqueira mountains. About 80% of the rainfall occurs in the months of October through March,
suggesting a monsoon-like regime (Brasiliense et al., 2020).

According to Nimer (1989), the factors that act on the intensity and distribution of precipitation in this
region can be classified as static and dynamic. Among the static ones, the following stand out: the
rugged topography, which favors precipitations, as it increases air turbulence due to orographic
ascension; the latitudinal position, which, by receiving strong solar radiation, provides better conditions
for evaporation; and its position at the western edge of the ocean, which is influenced by the proximity to
the coastal environment and favors the existence of condensation nuclei stimulating the formation of
clouds. Dynamic factors are atmospheric mechanisms that interfere with static factors. Among the main
players are the South Atlantic Subtropical Anticyclone (SASA), the South Atlantic Convergence Zone
(SACZ), the frontal systems (FS), the instability lines (IL), the mesoscale convective systems (MCS) and
breezes (Brito et al., 2017). According to Dereczynski et al. (2009), among these meteorological systems,
the most influential in the rainfall regime are FS during winter and SACZ during summer time.

Brasiliense et al. (2017) analyzed the characteristics of an event of intense rains that occurred in the
Paraiba do Sul River Basin. This event was related to the configuration of an episode of SACZ, which
lasted eight days, after the arrival of a cold front in the state of Sdo Paulo. There was convergence over
southeastern Brazil, the flow of moisture from the south of the Amazon and the tropical South Atlantic,
providing large amounts of moisture for convective activity. The most notable aspect of this event was
the development of a cyclonic vortex embedded in the SACZ, over the Atlantic Ocean, with a hot core in
the lower troposphere and a cold core at higher levels, which intensified the rains in the study region.

2.2. Precipitation data

Precipitation databases based on meters of good quality and sufficient density provide a reliable
estimate of precipitation in a given area. Due to the lack of daily and reliable historical series of easy
access, many scientific works have been using regular grid data sets derived from surface stations (e.g.,
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Liebmann and Allured, 2005; Zilli et al., 2017). A grid precipitation database has the advantage of
allowing general analysis of regional patterns and, on a large scale, precipitation trends.

In this study, the Physical Sciences Laboratory (PSL) South America Daily Gridded Precipitation database
was used, which provides data on grid precipitation and daily frequency, covering the period between
1938 to 2012, with spatial horizontal resolution of 0.5° x 0.5° latitude-longitude, based on the
precipitation observed in stations located in South America (Liebmann and Allured, 2005). The dataset is
comprised of daily totals of precipitation from all valid stations within a sample radius of 0.5 from the
grid point's center (Zilli et al., 2017). This ensures the inclusion of all stations in at least one grid point
(Liebmann and Allured, 2005). According to Liebmann and Allured (2005), the PSL daily grid precipitation
dataset has varied station density, ranging from 8 to 67 stations per grid point in the study area, and has
three limitations: (1) A few stations may be included in up to four distinct grid points, producing further
smoothing; (2) Spatial smoothing hides out extreme precipitation with a spatial scale smaller than the
grid resolution; (3) The exclusion of suspiciously huge values in the station data can produce a low bias
in the related grid point. In Brazil, the main sources that compose this data are: Electric Energy
Companies, National Water and Basic Sanitation Agency (ANA), National Meteorological Institute
(INMET) and specialized state agencies. The PSL dataset was chosen because it had a long daily gridded
precipitation available data for our region. Zilli et al. (2017) compared the patterns identified for this
dataset to individual stations and discovered good general agreement. The data were obtained at
https://www.esrl.noaa.gov/psd/data/gridded/ data.south_america_precip.html.

Using the NCL (NCAR Command Language) scripts were prepared to cut the precipitation data only within
the Shapefile of the Paraiba do Sul river basin (made available by the concessionaire LIGHT Energia S.A).
Then, the precipitation time series of each of the 19 grid points within the study region (Fig. 1) were
analyzed, looking for spurious data, and all values above 100 mm were checked manually. No data
needed to be excluded as these were days with intense rainfall occurring in neighboring areas and/or with
rain occurring in the previous or subsequent days. Then, the percentage of missing data was obtained in
relation to the total time series, which was less than 0.5%. Therefore, none of the grid points needed to be
removed. The 19 grid points (Fig. 1) correspond to different cities in the states of Minas Gerais, Rio de
Janeiro and Sao Paulo, but only one city per grid was selected to guide a more detailed discussion of the
results obtained (Table 1).
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Table 1

City corresponding to each grid point

Grid Point

O 00 N o o A W N

10
11
12
13
14
15
16
17
18
19

Correspondent City

Muriaé (MG)

ltaperuna (RJ)

Santos Dumont (MG)

Sao Jodo Nepomuceno (MG)
Recreio (MG)

Cambuci (RJ)

Cardoso Moreira (RJ)

Bom Jardim de Minas (MG)
Belmiro Braga (MG)
Chiador (MG)

Duas Barras (RJ)

Cruzeiro (SP)

Resende (RJ)

Pinheiral (RJ)

S&o Francisco Xavier (SP)
Taubaté (SP)

Cunha (SP)

Santa Branca (SP)
Natividade da Serra (SP)

Figure 1 - Paraiba do Sul river basin (delimited by a blue line), and its 19 grid points referring to the
precipitation database used. The yellow grid points represent the northeast areas (1 to 7 and 9 to 11), the
pink one the northwest (8), and the red points the southwest areas of the basin (12 to 19).

2.3. Indices of climatic extremes of precipitation

In the search for a methodology that serves as an analysis of climate change, the World Meteorological
Organization (WMO) created a working group that built indices for monitoring and detecting climate
change. This group developed a software called RClimDex, which provides a friendly interface for the
calculation of extreme weather indices. Several researchers such as Silva and Azevedo (2008), Santos et
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al. (2009), Souza and Azevedo (2012), Silva and Dereczynski (2014), Valverde and Marengo (2014),
Oscar Jr. (2015), Regoto et al. (2018) have used the tool to monitor climate trends in several states in
Brazil. RClimDex is based on the computational language R and on an electronic spreadsheet, and
presents the indices estimated through figures and spreadsheets, in addition to statistical information,
such as linear trend calculated by the least squares’ method; level of statistical significance of the trend,
obtained through the t-student test (p-value); coefficient of determination (R2 in percentage) and standard
error of estimate (Zhang and Yang, 2004). The calculated p-value represents the level of statistical
significance (if the p-value of any index is equal to or less than 0.1, the trend of the index is statistically
significant by 90%; if it is equal to or less than 0.05, in 95% and, for p less than 0.01, the trend has 99%
statistical significance).

In this study, of the twenty-seven climate change detection indices produced by RClimDex (Zhang and
Yang, 2004), only those referring to precipitation data were used. Table 2 summarizes the trends and
Interannual variability of extreme indices considered in this work.

Table 2
Definition of the climatic extremes of precipitation used in this study

(Source: http: //etcedi.pacificclimate.org/list_27_indices.shtml).

Index Index definition Unit
RX1day Maximum 1-day precipitation mm
RX5day Maximum consecutive 5-day precipitation mm
SDII Simple precipitation intensity index mm.day™
1
R10 Count of days for precipitation = 10mm day
R25 Count of days for precipitation =25 mm day
CDD Consecutive dry days (Maximum number of consecutive days with daily day
precipitation <1 mm)
CWD Consecutive wet days (Maximum number of consecutive days with daily day
precipitation =1 mm)
R95p Very wet days (Daily precipitation amount > 95th percentile) mm
R99p Extremely wet days (Daily precipitation amount > 99th percentile) mm
PRCPTOT  Wet-days annual amount mm

2.4. Ocean oscillation indices

Page 8/29



The El Nino-Southern Oscillation (ENSO) is characterized by the Southern Oscillation Index (SOI), defined
as the difference between normalized deviations of atmospheric pressure at sea level between the
following Pacific Ocean regions: Tahiti (17° S; 150° W), in French Polynesia, and Darwin (12° S; 130° E),
in northern Australia. The negative phase of the SOl represents below-normal air pressure at Tahiti and
above-normal air pressure at Darwin. Prolonged periods of negative (positive) SOI values coincide with
abnormally warm (cold) ocean waters across the eastern tropical Pacific typical of El Nifio (La Nifia)
episodes. The SOl monthly time series was obtained from the NOAA (National Oceanic and Atmospheric
Administration) website at: https://www.ncdc.noaa.gov/teleconnections/enso/indicators/soi/. The
period available is from 1951 to the present.

The Pacific Decadal Oscillation (PDO) has been commonly represented by the PDOI, which is the PDO
Index. The PDOlI is defined as the first major component of sea surface temperature (SST) anomalies in
the North Pacific, between latitudes 20° N and 90° N, with the withdrawal of the climate trend. When SSTs
are anomalously cool in the interior North Pacific and warm along the Pacific Coast, and when sea level
pressures are below average over the North Pacific, the PDOI has a positive value. When the climate
anomaly patterns are reversed, with warm SST anomalies in the interior and cool SST anomalies along
the North American coast, or above average sea level pressures over the North Pacific, the PDOIl has a
negative value. The PDOI monthly time series was obtained from the NOAA website at:
https://www.ncdc.noaa.gov/teleconnections/pdo/. The period available is from 1854 to the present.

The North Atlantic Oscillation (NAO) is represented by an index given by the difference in atmospheric
pressure, at sea level, between Iceland and the Azores (NAOI). The positive phase of the NAOI reflects
below-normal heights and pressure across the high latitudes of the North Atlantic and above-normal
heights and pressure over the central North Atlantic, the eastern United States and western Europe. The
negative phase reflects an opposite pattern of height and pressure anomalies over these regions. The
NAOI monthly time series was obtained from the NOAA website at:
https://www.ncdc.noaa.gov/teleconnections/nao/. The period available is from 1950 to the present.

The Atlantic Multidecadal Oscillation (AMO) is characterized by an index (AMOI), which considers the
SST anomalies in the northern Atlantic region and the Gulf of Mexico region. After this initial calculation
between 0° and 70° north, the data is standardized using the SST climatology. Prolonged periods of
negative (positive) AMOI values represent below-normal (above-normal) SSTs in the North Atlantic Ocean.
The AMOI monthly time series was obtained from the NOAA website at:
https://www.esrl.noaa.gov/psd/data/timeseries/AMO/. The period available is from 1856 to the present.

2.5. Correlation between rates of oceanic oscillations and
precipitation extremes

The calculation of the correlations between the extreme climatic precipitation indices and the oscillation

indices of the Atlantic and Pacific Oceans was done using Pearson's correlation coefficient (r), efficient to

estimate the degree of relationship between any variables. Pearson's correlation coefficient varies from -

1to 1. The sign indicates a positive or negative direction of the relationship and the value suggests the
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strength of the relationship between the variables. A perfect correlation (-1 or 1) indicates that the score
of one variable can be determined exactly by knowing the score of the other. On the other hand, a zero-
value correlation indicates that there is no linear relationship between the variables. Table 3 shows the
different classes with the correlation values between the variables and their interpretations.

Table 3

Values and interpretation of the correlation coefficients
(Hinkle et al., 2003).

Correlation Values (module)  Interpretation
0.00a0.19 Very weak correlation
0.20a0.39 Weak correlation

0.40 a 0.69 Moderate correlation
0.70a 0.89 Strong correlation
0.90a 1.00 Very strong correlation

2.6. Wavelet transform

In order to decompose the one-dimensional precipitation time series in the double time-frequency domain,
thus allowing the identification of the main modes of variability and their variations in time, the wavelet
transform was used (Torrence and Compo, 1998; Morettin, 1999; Vitorino et al., 2006; Echer et al., 2008).
The wavelet analysis was used according to the methods presented in Torrence and Compo (1998), with
bias rectification following the method proposed by Liu et al. (2007). Given the frequent use in the
analysis of geophysical data (Liu et al., 2007), Morlet's wavelet was chosen as the basic function of the
wavelet. The time average of the power was calculated for the entire local spectrum, producing the global
spectrum of the wavelet (Torrence and Compo, 1998). Morlet's wavelet is defined as a complex
exponential wave, modulated by a Gaussian, described by the following expression:

polr) = Ve et

In this expression, g (n) is the value of the wavelet in the dimensionless time n, and wy is the
dimensionless frequency, equal to 6 in this study to satisfy an admissibility condition; i.e., the function
must have zero mean and be located in the space of time and frequency to be “admissible” like a wavelet
(Torrence and Compo, 1998). For these calculations, scripts were developed in Python language.
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This approach of using the wavelet in precipitation data has already been applied in other studies, and
allows to associate the existing variability with atmospheric and oceanic processes (e.g., Costa et al.,
2016; Adepitan and Falayi, 2019).

3. Results And Discussion

This section discusses (i) the spatial distribution of rainfall trends, (ii) the correlation between rates of
oceanic oscillations and precipitation extremes and (iii) the wavelet technique in order to verify the
possible existence of different frequency patterns from the investigated correlations.

3.1. Spatial distribution of rainfall trends

Figure 2 illustrates examples of trend curves for the SDIl index of the following cities located in the
Paraiba do Sul basin: Muriaé, Itaperuna, Cambuci and Recreio, in the period from 1938 to 2011. Different
trends are observed before and after the beginning of the 1980s, and changes in the trends of climatic
precipitation indices during the 1980s, especially those referring to extreme precipitation (RX1day, R95p,
R99p), have been identified in several studies (eg: You et al. (2011), in China; Longueville et al. (2016), in
Burkina Faso; Donat et al. (2016) and Dong et al. (2021), in different parts of the globe). The studies by
Min et al. (2011), Zhang et al. (2013), Donat et al. (2016) and Dong et al. (2021) indicate that the increase
in the extremes of precipitation can be attributed to anthropic actions, associated with the increasing
emission of greenhouse gases. Teixeira and Satyamurty (2011) find a reduction in the number of heavy
rainfall events in southeastern Brazil after the beginning of the 1980s, but they do not investigate the
cause of this behavior. In this region, precipitation can be especially affected by position and intensity of
the SACZ and the SASA, and during 1960-2019 the SASA has intensified and slightly moved
southwestward of its normal position (Reboita et al., 2019; Marengo et al., 2020). This change influences
the transport of humidity and therefore impact precipitation.

Figure 2. Linear (solid line) and non-linear (dashed line) trends of the SDII index, whose locations are
indicated in Figures (2a - 2d), from 1938 to 2011.

The images (a) to (j) of Figs. 3 illustrate the spatial distribution of the trends of extreme climatic
precipitation indices, described in Table 2, obtained in the Paraiba do Sul basin, from 1982 to 2011 (data
do not reflect the complete time series, considering the trends observed in Fig. 2). Symbols in the form of
a full triangle (in red or blue) indicate statistically significant trends (greater than 90% confidence) and the
position of the apex of the triangle indicates a positive (upward) or negative (downward) trend.

In general, the eastern and northeastern sectors of the Paraiba do Sul river basin have positive trends in
the PRCPTOT index, as shown in Fig. 3a, with emphasis on the region around the of municipality of
[taperuna, with a statistically significant trend of 8.6 mm/year. The west and southwest regions show the
opposite, negative PRCPTOT trends, with the region around Santa Branca standing out, also with a
statistically significant trend of -9.3 mm/year. The results for the central region indicate a transition zone

pattern, since there are alternations between null trends, positive or negative, all without statistical
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significance. Sobral et al. (2019) also identified significant trends of rainfall increase in northeastern
sectors of the Paraiba do Sul river basin, probable because this region is greatly influenced by Serra do
Mar and Mantiqueira ridges, in the SW/NE direction (Brito et al., 2017). Besides, Reboita et al. (2019)
indicate that the area of the SASA shows an expansion southward and westward of its normal position,
and this expansion can shift dry zones southward.

The CDD index featured in Fig. 3b shows, in general, negative trends in the central sector of the basin,
mainly in the region of the city of Resende, with a value of -0.6 days/year with statistical significance. In
the east and northeast regions there are some points with a positive trend in the CDD index, among which
the Chiador and Cambuci cities stand out, with 0.3 and 0.4 days/year, respectively. Both points with
statistical significance of CDD trend values. In the west and southwest regions, there were varied trends,
all without statistical significance.

In Fig. 3¢, negative and null trends of the CWD index are identified in most of the region, except for two
areas with an increase in CWD (in the municipalities of Cunha and Sdo Jodo Nepomuceno). In the central
region, the trends of the referred index are mostly negative, while the northeast and southwest regions do
not indicate a trend. Among the localities analyzed, the Santa Branca region deserves to be highlighted,
as it presents statistical significance with a negative CWD trend of 0.6 days/year. This reduction in CWD
can also be related to the southwestward expansion of SASA found in many studies (Reboita et al., 2019;
Carpenedo and Ambrizzi, 2020; Marengo et al., 2020).

Figure 3d shows the positive trend of the R10 index in some regions of the northeast of the basin, with
emphasis on the municipality of Itaperuna, whose statistical significance ensures reliability as to the
increase of 0.4 days/year. As already documented in Fig. 3a, this same region also showed statistical
significance for the positive trend of PRCPTOT index. In the southwest sector are concentrated some
regions with a negative trend of R10, but none with statistical significance. In the central region, on the
other hand, there is a variation between areas with zero trends and negative trends for the same index.

Analyzing the R25 index in Fig. 3e, it can be seen that the eastern and northeastern sectors of the basin
concentrate areas with a positive R25 trend, four of them with statistical significance. Such regions are:
Muriaé, ltaperuna, Cambuci and Duas Barras, with trends of around 0.2 days/year. In the western and
central sectors, there are null trends in most points. In the southwest sector, null trends are observed,
alternating with a few regions with a negative trend in R25, but all without statistical significance.

Figure 3f illustrates the behavior of the R95p index (very humid days), observing positive trends in most
of the basin, especially in the central, east and northeast regions. It is worth mentioning that the R95p
trends have statistical significance for the regions located in the municipalities of Muriaé, Itaperuna,
Cambuci, Cardoso Moreira and Duas Barras, with trend values equal to 8.5, 5.5, 6.5, 4.1 and 5.9 mm/year,
respectively. The west and southwest sectors show negative trends in the R95p index, but without
statistical significance.
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Figure 3g illustrates the spatial distribution of the trend of the R99p index. It is noted that in the east and
northeast regions there is a variation between null and positive trends in extremely humid days. The
regions in the vicinity of Cambuci and Duas Barras stand out, whose R99p trends are statistically
significant with their values equal to 3.2 and 4.2 mm/year, respectively. In the central region, values of
negative and positive trends of R99p are observed, but the Pinheiral region differs from the others, as it
presents a R99p trend of 3.2 mm/year with statistical significance. For the western region and for the
regions of the municipalities of Santa Branca and Natividade da Serra, to the southwest, values with null
and negative trends are identified, respectively.

For the RX1day index, as shown in Fig. 3h, it is observed that only one area has a negative trend, located
in Santos Dumont, northern region of the basin. In the northeast and east regions, positive trends of
RX1day are identified, with emphasis on Cardoso Moreira and Duas Barras, with statistically significant
trend values of 0.5 and 0.9 mm/year, respectively. In the central and southwest sectors, trend values of
RX1day are found, ranging from null to positive, but without statistical significance.

Figure 3i shows the spatial distribution of trends in the RX5day index. It is noted that there is a
predominance of positive trend of RX5day in most of the region, except in four locations with negative
trends and in two neutral or null, all associated with indices without statistical significance. In the east,
northeast, west and southwest regions, there are positive trends of RX5day, with emphasis on
municipalities of Muriaé, ltaperuna, Cambuci, Cardoso Moreira, Duas Barras and Cunha, whose data
exhibit trends with statistical significance of 1.4, 2.0, 1.4,2.3, 1.3 and 1.3 mm/year, respectively.

The SDII index graph shown in Fig. 3j shows null trends across the Paraiba do Sul River basin. In the
northeast region, SDII trends with statistical significance occur in Muriaé, ltaperuna, Cambuci and
Cardoso Moreira regions.

(a) PRCPTOT  (b) CDD

(c) CWD (d) R10

(e) R25 (f) R95p
(9) R99p (h) RX1day
(i) RX5day () SDII

Figure 3 — Spatial distribution of trends in the PRCPTOT index [mm/year] (a), CDD [day/year] (b), CWD
[day/year] (c), R10 [day/year] (d), R25 [day/year] (€), R95p [mm/year] (f), R99p [mm/year] (g), RX1day
[mm/year] (h), RX5day [mm/year] (i), and SDIl [nm/day] (j) for the period from 1982 to 2011 in the
Paraiba do Sul river basin.

The spatial distributions of the trends in the extreme precipitation indices showed some distinct
characteristics of the sectors of the Paraiba do Sul River basin. The east and northeast regions have the
largest number of areas with statistically significant trends of the considered indices. The trends
associated with these regions, in general, reflect an increase in total annual precipitation (PRCPTOT
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index), very humid days (R95p), maximum amount of precipitation in 1 day (RX1day) and in the
maximum amount of precipitation in 5 consecutive days (RX5day). According to Reboita et al. (2009),
during positive phase of the Southern Annular Mode (SAM) there are positive anomalies of precipitation
over the northern part of South America because the SACZ is displaced northward from its climatological
position, and a positive SAM phase trend is observed since 1993. Less generally, some regions show
positive trends in the maximum number of consecutive dry days (CDD) and in the number of days with
rainfall above 25 mm (R25). The increase in the number of consecutive dry days, together with the
combination of the other trends mentioned, indicate a possible climate change as intense precipitation is
concentrated in few days, separated by longer dry spells, the same result was identified by Zilli et al.
(2017) in Rio de Janeiro state and Marengo et al. (2020) in Metropolitan Area of Sado Paulo.

The central region presents characteristics of a transition zone for some indices, such as the trend in the
distribution of annual rainfall shown in Figure 3a, and in the maximum amount of precipitation in 5
consecutive days, shown in Figure 3i. In this sector, heterogeneous tendencies of the studied indices are
verified, being just a few cases with statistical significance. However, it is noted, not only a reduction in
the maximum number of consecutive dry days (CDD), but also a reduction in the maximum number of
consecutive wet days (CWD). In addition, a positive trend is identified for very humid days (R95p) and
extremely humid days (R99p). On the other hand, a negative trend in the maximum amount of
precipitation in 5 consecutive days (RX5day) is an indicative of larger accumulation occurring in fewer
rainy days, similar trends were identified by Dereczynski et al. (2013) and Zilli et al. (2017) in Rio de
Janeiro.

For the west and southwest regions, there were also few indices with statistical significance. In general,
the PRCPTOT index confirms a negative trend in total annual precipitation. The R95p index indicates a
decrease in very humid days while the RX5day index shows a positive trend in the maximum amount of
precipitation in 5 consecutive days. The regions in the vicinity of the municipalities of Santa Branca and
Cunha have more striking trends, some quite distinct from each other. Near Santa Branca, negative trends
are identified in total annual precipitation (PRCPTOT index), in the maximum number of consecutive wet
days (CWD), in the number of days with precipitation above 10 mm (R10), as well as in the number of
days with precipitation above 25 mm (R25). This may be related to the southwestward expansion of
SASA previously cited (Reboita et al., 2019; Carpenedo and Ambrizzi, 2020; Marengo et al., 2020) and
marks, quite clearly, the difference in its precipitation distribution when compared with areas in the
northeast region. The region around Cunha differs from the others, in particular because it is the only one
that has a positive trend in the total annual precipitation (PRCPTOT), both in the maximum number of
consecutive wet days (CWD) and in the very wet days index (R95p). Most likely, such differentiation can
be attributed to some local factor specific to the area, such as topography.

Negative precipitation anomalies over southeastern Brazil, especially during the summer, may be related
to the displacement of the SASA to the west of its climatological position, acting as an atmospheric block
and preventing the propagation of transient systems (see Coelho et al., 2015; Reboita et al., 2015). The
position and intensity of SASA can be affected by Southern Annular Mode (SAM). That is, when it is in
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the positive phase, it has negative (positive) geopotential height anomalies in the high (medium)
southern latitudes, associated with the anomalous displacement of the SASA and ITCZ to the south. The
opposite occurs during the negative phase of the SAM (Sun et al., 2017; Carpenedo and Ambrizzi, 2020).
Other studies show a tendency for a greater number of occurrences of the positive phase of SAM in the
last decades, mainly due to the increase in the concentration of greenhouse gases (Fyfe et al., 1999;
Kushner et al., 2001; Stone et al., 2001; Cai et al., 2003; Marshall et al., 2004). With SASA and ITCZ
positioned further south, precipitation deficits occur over central-southern Brazil and increases in
precipitation in the North and Northeast (Carpenedo and Ambrizzi, 2020).

In addition, the results found agree with those obtained by Ferreira (2019), who observed an increase in
the PRCPTOT, RX5day, R20 and SDIlI indices in the northeast portion of the Paraiba do Sul river basin, and
a decrease in these same indices in the central and southwest portion of the basin. Recent studies show
an increase in the accumulated precipitation in extreme rain events and its higher frequency of
occurrence (Avila et al., 2016; Zilli et al., 2017; Regoto et al., 2018; Avila et al., 2020; Marengo et al. 2020).
A similar result was found in this work, since, for the most part, the trends with statistical significance
refer to the maximum amount of precipitation in 5 consecutive days, to very humid days and to the
number of days with precipitation above 25 mm (corresponding to the indices RX5day, R95p and R25),
mainly in the northeast side of the basin. On the other hand, the decrease in consecutive wet days (CWD)
predominates, indicating a non-homogeneous distribution of rainfall throughout the year.

3.2 Correlation between rates of oceanic oscillations and
precipitation extremes

The correlation coefficients between each extreme precipitation index and each ocean oscillation index in
the period from 1938 to 2011 are shown in Tables 4 and 5. The entire available sample period was used,
because when the sample size is small, the value Pearson's linear correlation coefficient must have a high
magnitude to be meaningful, and the sample may not be representative of the population (Hair et al.,
2005). The values of the correlation coefficients considered weak are highlighted in blue and, in red, those
considered moderate, following the previously established criteria (Table 3). Most ocean oscillation
indices had a very weak correlation with precipitation indices for most of the 19 grid points, indicating
that precipitation in the Paraiba do Sul river basin is not dependent of these ocean oscillations in a
strongly way. The only exception was the correlation between SOI (Southern Oscillation Index) and the
CDD (Consecutive Dry Days), whose values fall into the weak and moderate categories, for most of the
basin (12 of the 19 grid points). The highest value of the correlation coefficient found between these two
indices was 0.41 in the Chiador city. In addition, all the correlations between SOl and CDD were positive,
indicating that these indices are directly proportional. This implies that positive SOl values, which
correspond to the La Nifia phenomenon, can increase the number of consecutive dry days in the region,
while negative SOl values, associated with El Nifio, can decrease the number of consecutive dry days.

Table 4 - Correlation data between the oceanic oscillation indices (SOI, PDOI, NAOI and AMOI) and the
climatic precipitation indices (CDD, CWD, PRCPTOT, R10 and R25).
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climatic precipitation indices (R95p, R99p, SDII, RX1day e RX5day).
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In his study, Ferreira (2019) also identified the maximum number of consecutive dry days in the region in
a strong La Nifia event, which occurred in 1988. It was found that there is variability between the extreme
precipitation rates in the Paraiba do Sul river basin. Even so, with regard to sensitivity to ENSO, for both
negative and positive phases, the study identified a predominance of extreme events with frequent
precipitation in the years in which El Nifio occurred and a predominance of drought events in the years in
which La Nifa occurred.

However, the low values of correlation coefficients found suggest the existence of other mechanisms that
govern the behavior of the trend of extreme precipitation indices in the region, such as anthropic factors
and other climatic events. Examples of these phenomena are urban heat islands and changes in the
position and intensity of the SASA, according to studies by Marengo et al. (2020) and Ribeiro (2020).
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Table 4 summarizes the results of the analysis of search for correlation between the oceanic oscillation
indices (SOI, PDOI, NAOI and AMOI) and the climatic precipitation indices (CDD, CWD, PRCPTOT, R10 and
R25), calculated from the precipitation of the PSD-NOAA database, in each of the 19 grid points referring
to the Paraiba do Sul river basin, for the period from 1938 to 2011. The values highlighted in blue and red
indicate weak and moderate correlations, respectively.

Similarly, Table 5 condenses the results of the analysis of search for correlation between the oceanic
oscillation indices (SOI, PDOI, NAOI and AMOI) and the climatic precipitation indices (R95p, R99p, SDII,
RX1day e RX5day), calculated from the precipitation of the PSD-NOAA database, in each of the 19 grid
points referring to the Paraiba do Sul river basin, for the period from 1938 to 2011. The values highlighted
in blue and red indicate weak and moderate correlations, respectively.

3.3. Wavelets

Since no significant correlations were found between climatic extreme precipitation indices and oceanic
indices, the Wavelet Technique was applied in order to verify the possible existence of different frequency
patterns from the investigated correlations. Figure 4 illustrates the wavelet power spectrum for the
precipitation levels observed in the Paraiba do Sul river basin. Through the analysis of the wavelet
continuous spectrum for the climatic precipitation indices, the annual variability was verified
(approximately 365 days), not only being present throughout the whole analysis period, but also revealing
statistical significance. This behavior is attributed to the annual cycle of precipitation in the region, with
dry southern winter and rainy summer (Brito et al., 2017; Brasiliense et al., 2020; Luiz-Silva et al., 2020).

Using the global spectrum, it was found that this annual variability was the one that occurred, on average,
with greater power. Similarly, the variability with a period of around 5 days also showed statistical
significance. In this region, this variability is associated with the passage of frontal systems during winter
and the effect of SACZ during summer time (Dereczynski et al., 2009; Bonnet et al., 2018).

Corroborating the results obtained previously, there is no significant power in the low frequencies
analyzed, commonly associated with oceanic phenomena, such as those obtained by Silva et al. (2010)
for a hydrographic basin located in northeastern Brazil.

Figure 4 shows the wavelet power spectrum of precipitation for the Paraiba do Sul river hydrographic
basin. The graph on the left shows the continuous spectrum. The hatched region represents the cone of
influence, where edge effects become important. The black outlines mark the significant regions for the
95% confidence interval. On the right, in the graph of the same figure, the black line denotes the global
spectrum and the dashed ling, in red, represents the limit for the identification of statistically significant
periodicities at the 5% level.

Figure 4 — Morlet wavelet power spectrum of Paraiba do Sul river basin precipitation. In the left panel, the
black contour in wavelet spectrum indicates 95% confidence level against red noise and the cone of
influence is shown by a darker shade. In the right panel, dashed curve indicates 95% confidence level and
black line denotes the global wavelet power spectrum.
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4. Conclusions

As observed by the results of the study, the eastern and northeastern regions of the Paraiba do Sul river
hydrographic basin present trends of increase (i) in the total annual precipitation; (ii) in the number of
very humid days; (iii) in the maximum amount of 1-day precipitation; (iv) in the maximum amount of
precipitation in 5 consecutive days, and decreasing trends (v) in the number of consecutive dry days. On
the other hand, the west and southwest regions, show decreasing trends in the total annual precipitation
rate and in the number of very humid days, but a trend towards an increase in the maximum amount of
precipitation in 5 consecutive days. The central region of the basin shows a transition zone behavior of
the studied indices. All the patterns described for the different sectors of the basin indicate that intense
rainfall is concentrated in a fewer days followed by periods of drought, which is an indication that the
temporal distribution of precipitation in the region is changing. Similar signs of trends in extreme
precipitation indices, especially in heavy rain events, are in line with the results obtained by other
researchers in Brazil (Carvalho et al., 2014; Silva and Dereczynski, 2014; Zilli et al., 2017; Avila et al., 2020;
Marengo et al., 2020).

Correlation analyzes show that most ocean oscillation indices have a very weak correlation with the
extreme precipitation indices. Therefore, it is not possible to associate droughts (negative anomalies) or
excess rain (positive anomalies) to the occurrence of the oceanic phenomena studied. Thus, after using
the wavelet transform to decompose precipitation in the time-frequency domain, no significant power is
observed in the low frequencies commonly associated with oceanic phenomena, a fact that corroborates
the results of the investigated correlation analyzes.

Following this study, further developments of the work are proposed: seasonal study of the extreme
precipitation indices in the region and investigation of the influence of the dynamic conditions of the
atmosphere on these indices (eg: intensity and location of systems, such as SACZ and SASA).
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Paraiba do Sul river basin (delimited by a blue line), and its 19 grid points referring to the precipitation
database used. The yellow grid points represent the northeast areas (1 to 7 and 9 to 11), the pink one the
northwest (8), and the red points the southwest areas of the basin (12 to 19).
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Linear (solid line) and non-linear (dashed line) trends of the SDIl index, whose locations are indicated in
Figures (2a - 2d), from 1938 to 2011.

\ =
| Paraiba do Sul River Basin Area |
v v ,/
S
, e
e o
-
)/V‘u’ f/
feininy .
/
.
d
(day/year)
A z0o
A 06209 N
T =t
1201 i ]
a-0.1
s el g
¥ 09306 & . e s s
L &
1 Paraiba do Sul River Basin Area \

/ = /‘“‘“\..----'/‘
=

’Jf-v’r . . /;‘-"‘\_/—fu‘/
Lilmas :/l

A L

(day/year) £

1)

a0 /\

3 h\?

+ 1a3

Slal .

. -.3:1 - M,

-

v 3as /4. v :\""

<0
[ Paraiba de Sul River Basin Area

A
A
&

¥ <08 &
21 Paraitia do Sul River Basia Arca e N

r N
/—/ s N "

&

»,,_W

i (day/year) i
A 12a2 //\L\ A =00
A 0sal 1

s S il » ,- e f /\,\__'____/
i ‘/’P\/ /:“{/j/“\/ -

o

R
o

Figure 3

Page 28/29



Spatial distribution of trends in the PRCPTOT index [mm/year] (a), CDD [day/year] (b), CWD [day/year]
(c), R10 [day/year] (d), R25 [day/year] (e), R95p [mm/year] (f), R99p [mm/year] (g), RX1day [mm/year] (h),
RX5day [mm/year] (i), and SDII [nm/day] (j) for the period from 1982 to 2011 in the Paraiba do Sul river
basin.
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Figure 4

Morlet wavelet power spectrum of Paraiba do Sul river basin precipitation. In the left panel, the black
contour in wavelet spectrum indicates 95% confidence level against red noise and the cone of influence is
shown by a darker shade. In the right panel, dashed curve indicates 95% confidence level and black line
denotes the global wavelet power spectrum.
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