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Abstract

This study assesses the frequency and intensity of rainfall and determines the optimal methods for estimating extreme
rainfall in the Itacaitinas River watershed (IRW), situated in the eastern Brazilian Amazon. Daily rainfall data from 1988 to
2018 were acquired from the Brazilian National Water Agency (ANA) and the National Institute of Meteorology (INMET),
whereas hourly data from 2016 to 2018 were obtained from the Vale Institute of Technology and INMET. To fit the annual
maximum daily rainfall data, we employed 11 probability distribution functions (PDFs) and evaluated their efficacy using
the Kolmogorov-Smirnov (KS) and Anderson-Darling (AD) tests, as well as the Akaike information criterion (AIC), Bayes-
ian information criterion (BIC), and log-likelihood function (LLF). The Gumbel and gamma distributions yielded superior
results, as evidenced by the AIC and BIC criteria. The LLF demonstrated that the GEV and Weibull 3 PDFs better fit the
maximum annual rainfall series. We calculated rainfall disaggregation coefficients from the rainfall schedule data to estimate
maximum rainfall for different duration periods. A comparison with CETESB coefficients revealed that updating these esti-
mates is necessary for accurately representing intense rainfall events in the eastern Amazon. Our analysis estimated upper
hourly maximum rainfall of up to 115 mm/h for a return period of 100 years.
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1 Introduction

Recent changes in the climate may be linked to an increase
in the frequency and intensity of extreme precipitation events
worldwide, causing socioeconomic losses and environmental
impacts (Yilmaz and Perera 2015; Tabari 2020; Fowler et al.
2021; Silva et al. 2021). Such events can exacerbate natural
hazards, including landslides and flash floods, in areas with
reduced vegetation cover (Merz et al. 2014; Yilmaz et al. 2014;
Yilmaz 2017; Dalagnol et al. 2021; Silva Cruz et al. 2022).

In this context, maximum flow analyses are crucial for
hydraulic projects such as dam spillways, urban and agricultural
drainage, and water-related soil erosion control (Zalina et al.
2002; Cunderlik and Ouarda 2006; Alam et al. 2018; Morabbi
et al. 2022). When historical flow data are unavailable, studies
of intense rainfall using pluviographic data can provide an alter-
native. Some of these studies use intensity-duration-frequency
(IDF) relationships to estimate rainfall duration on a subdaily
scale (usually from 5 to 1440 min) (Beskow et al. 2015; Fadhel
et al. 2017; Yilmaz et al. 2017; Costa et al. 2020).

Brazil’s lack of subdaily rainfall data poses a signifi-
cant challenge to designing engineering structures that can
mitigate the socioenvironmental impacts of extreme rainfall
(Diez-Sierra and del Jesus 2019; Santos et al. 2019a; Santos
et al. 2019b; Costa et al. 2020; Lima et al. 2021). Acquir-
ing long subdaily data remains challenging, particularly for
field observations in developing countries such as Brazil. To
address this issue, rainfall disaggregation methods, such as
disaggregation coefficients, are needed to estimate subdaily
values from daily data. Disaggregation coefficients, which are
based on the relationships observed between hourly rainfall
data with varying durations and the annual maximum daily
rainfall in a specific area, are widely employed in Brazil due
to their straightforward implementation (Koutsoyiannis 2003;
Sane et al. 2018; Silva Neto et al. 2017; Abreu et al. 2022).

The use of methodologies, such as disaggregation coef-
ficients, to estimate rainfall at smaller temporal intervals has
emerged as a commonly used technique (Caldeira et al. 2015;
Martins et al. 2019; Passos et al. 2021). Disaggregation coef-
ficients allow the calculation of precipitation totals based on
the characteristics of hourly rainfall rates in a particular region
and enable the assessment of the return probability of extreme
rainfall events in shorter periods (Pui et al. 2012; Kunkel et al.
2013). Previous studies in Brazil have employed CETESB’s dis-
aggregation coefficients (1986), which are averaged from coef-
ficients from several rainfall stations throughout the country;
thus, their applicability to specific regions is potentially limited.

The widely used technique for generating IDF curves at
subdaily intervals across Brazil is based on the disaggrega-
tion coefficients developed by CETESB (1986), as demon-
strated in studies by Silveira (2000) for Rio Grande do Sul
State, Ferreira et al. (2005) for Sao Paulo State, Oliveira
et al. (2008) for Goias State, and Passos and Mendes (2018)
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for the Balsas Municipality in Maranhdo State. However,
these coefficients may lead to overestimation or underesti-
mation of maximum hourly rainfall due to their generation
throughout Brazil, as reported by Back and Wildner (2021)
and Silva Neto et al. (2021). Regional coefficients, however,
closely matching local rainfall characteristics, atmospheric
dynamics, and associated weather systems are essential.

Thus, this study aimed to analyze the frequency and inten-
sity of extreme rainfall in the Itacaitinas River basin (IRW)
on daily and hourly scales. Additionally, the study evaluated
methodological procedures to estimate heavy (R95p) and
extreme (R99p) rainfall in greater detail and accuracy. This
study uses the nomenclature proposed by Frich et al. (2002),
where heavy rainfall is defined as records above 95% of the
quantile and extreme rainfall as records that exceed 99% of
the quantiles. In addition, the study innovates by adapting
the rainfall disaggregation coefficients proposed by CETESB
(1986) for Brazil to regional conditions.

The IRW is in the Brazilian Amazon’s “Deforestation
Arch” in Par4 State. Extensive deforestation has occurred
since the 1970s, with natural cover replaced by pasture, crop,
and mining areas (Souza-Filho et al. 2018; Cavalcante et al.
2019b; Silva Janior et al. 2019; Silva Junior et al. 2022;
Lima et al. 2022). This intense human intervention in the
natural land cover has increased the vulnerability of the IRW
to the adverse socioenvironmental effects of extreme rainfall,
thereby necessitating further investigation.

This paper’s organization is as follows: Section "Materials
and methods" presents the study area and the methods used,
including data collection, an analysis of homogeneous groups,
the probability distribution of extreme rainfall, and IDF based on
mean disaggregation coefficients for Brazil and estimated with
in situ gauge stations. Section "Results and discussion" presents
the results of these analyses, including rainfall regionalization
(homogeneous groups), evaluation of FDP fitting to the annual
maximum daily rainfall, and comparison of estimates of maxi-
mum hourly rain performed by the disaggregation coefficients
calculated in this research to those defined by CETESB (1986).

2 Materials and methods
2.1 Studyarea

The IRW is situated in the southeastern region of Pard in the
eastern Brazilian Amazon, covering an area of approximately
41,300 km?, bounded by latitude 05°10’ to 07°15'S and lon-
gitude 48°37' to 51°25'W (see Fig. 1). It is characterized by
the presence of the Serra dos Carajés, a plateau with altitudes
ranging between 400 and 900 m, contrasting with the adjacent
regions’ lower elevations (see Fig. 1A). The Itacaitinas River is
a tributary of the Tocantins River’s left bank after the latter’s
confluence with the Araguaia River (Pontes et al. 2019).
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Fig. 1 The geographic location of the Itacaitinas River watershed (IRW), southeastern Para State (PA), Brazil, and the spatial distribution of
meteorological stations and rainfall stations (in A). Climogram for the Maraba (PA) meteorological station from 1976 to 2016 (in B)
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The basin is primarily used for pasture (51.1%) and min-
ing (0.3%); natural forest covers 48.1% of it, and the remain-
der is occupied by water bodies (0.3%) and savanna (0.2%)
(Nunes et al. 2019). Furthermore, increasing urbanization
and industrialization in the cities in the region, especially
in Maraba and Parauapebas, two of the largest cities in Para
State (IBGE 2021), have led to a rise in water demand.

The climate of the IRW is classified as “Aw,” tropical
with a summer rainy season and dry winter, according to
the Koppen climate classification (1936) adopted for the
Brazilian territory by Alvares et al. (2013). The climate is
characterized by humid equatorial conditions with rainfall
concentrated primarily in the summer and high tempera-
tures throughout the year. The climogram of the locality of
Maraba (PA), used as a reference to characterize the area
between 1976 and 2016, shows an average annual tempera-
ture of 27.1 °C and average annual rainfall of 1833.4 mm
(Fig. 1B). Approximately 83% of the annual rainfall occurs
between October and May, which is the rainy season, while
from June to September, accumulated rainfall is less than
17% of the annual volume (Tavares et al. 2018; Cavalcante
et al. 2019a). The highest rainfall records are observed
between December and April, with rainfall totals exceeding
200 mm, contrasting with the period from June to Septem-
ber, with an average rainfall of less than 50 mm. The annual
thermal amplitude is low, characteristic of areas near the
equator. In Marab4, the thermal averages are above 26 °C
for all months of the year, with higher values above 28 °C
in the drier months (August and September) and below 27
°C in the wettest months (December and April) (Fig. 1B).

2.2 Methodological procedures

The flowchart in Fig. 2 describes the methodological pro-
cedures used, where methodologies differ according to the

objective of the analysis and the spatiotemporal availability
of hourly and daily data.

2.2.1 Obtaining rainfall data

Daily rainfall data were collected from six Brazilian National
Water Agency (ANA 2021) stations and one conventional mete-
orological station of the Brazilian National Institute of Mete-
orology INMET 2021), covering the period 1988 to 2018.
The data had a maximum of 10.58% missing values (station
ID 02—Eldorado dos Carajas) and a minimum of 0.13% (sta-
tion ID 01—Marabd). Missing data were filled in using the
PERSIANN-CDR satellite product, following the recommen-
dations of Xavier et al. (2021) for the Mearim River basin. In
addition, complete hourly rainfall data during the selected period
for 2016 to 2018 were obtained from weather stations managed
by the Vale Institute of Technology (ITV 2021) and the Maraba
(INMET) station.

2.2.2 Cluster analysis for identifying the homogeneous
rainfall groups

The study employed a clustering technique to identify homo-
geneous rainfall groups in the IRW. The squared Euclidean
distance, which measures the geometric distance between
two observations in multidimensional space, was used as
a proximity measure. The Ward method (Ward 1963) was
applied to daily data series to group meteorological and
rainfall stations with similar rainfall characteristics. The
dendrogram was generated using Statistica 10 software. The
physiographic factors, such as relief, rainfall regime, and
proximity space between the rainfall stations, were used to
delimit homogeneous groups, a technique used in previous
studies (Teodoro et al. 2016; Shiau and Lin 2016; Terassi
et al. 2020; Brasil Neto et al. 2021; Zerouali et al. 2022).

MATERIALS AND METHODS

Daily rainfall data

Obtaining rainfall data

Hourly rainfall data

Clustering and descriptive
statistics for daily rainfall

Cluster analysis for identifying
the homogeneous rainfall groups

Clustering and Regionalizatio
of hourly rainfall analysis

PDFs fitting and statistics
metrics and tests

Determining probability
distributions and associated metrics

Hourly rainfall and
disaggregation coefficients

IDFs and
disaggregation coefficients

IDF curves and return
periods of extremes rainfall

Fig.2 Flow chart for methodological procedures applied for extreme rainfall analysis in the IRW
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Descriptive statistics were computed to determine the
maximum value, lower quartile (LQ), higher quartile
(HQ), outliers, and percentiles (95th and 99th) of the data
set (Yang et al. 2017). Outliers were identified using Eq. 1,
which involves adding 1.5 times the interquartile range
(HQ-LQ) to the average of the daily rainfall.

Outlier = average + 1.5 (HQ — LQ) €Y

The nomenclature suggested by Frich et al. (2002) was
adopted to define heavy rainfall, using the acronym R95p
for daily records equal to or greater than the 95th quantile
and R99p for intense daily rainfall equal to or greater than
the 99th quantile.

2.2.3 Determining probability distributions and associated
metrics

Annual maximum daily rainfall data for the period
1988-2018 from the ANA and INMET meteorological
stations were fitted to 11 probability distribution functions
(PDFs): Fréchet, gamma, gamma 3 parameters, generalized
extreme value (GEV), Gumbel, log gamma 3 parameters,
log-normal, log normal 3 parameters, normal, Weibull, and
Weibull 3 parameters. These PDFs are widely used in the
literature for maximum daily rainfall estimation in vari-
ous regions (Koutsoyiannis et al. 1998; Katz 2010; Rulfova
et al. 2016; Yuan et al. 2018; Xavier et al. 2019a; Lima
et al. 2021).

The Kolmogorov-Smirnov (KS) and Anderson-Darling
(AD) tests were employed to assess the goodness of fit of
each PDF (Fischer et al. 2012; Ye et al. 2018; Xavier et al.
2019b; Moccia et al. 2021). The Akaike information cri-
terion (AIC), Bayesian information criterion (BIC), and
log-likelihood function (LLF) validation metrics were
used to compare and select the best-fitting PDF (Coles

and Dixon 1999; Svensson et al. 2007; Svensson and
Jones 2010). The PDFs with the lowest AIC and BIC values
were considered to best describe and model the maximum
daily annual rainfall estimates. The Friedman nonpara-
metric test was utilized to categorize the PDFs based on
their ordering within a categorized set (Cahill 2003; Kim
et al. 2017; Navares and Aznarte 2020).

AIC = -2loglog (ML) + 2k 2

BIC = —2log (ML) + klog (n) 3

where log (ML) is the maximized log-likelihood function
under the proposed model and k is the number of parameters
in a given model.

2.2.4 IDFs and disaggregation coefficients

IDF curves are a widely used tool in hydraulic engineer-
ing for estimating the “project design rainfall,” a hypo-
thetical rainfall event used to design hydraulic struc-
tures based on the maximum daily rainfall records. This
study calculated disaggregation coefficients for ITV and
INMET meteorological stations using the hourly rainfall
average and its proportional relationship to other hourly
intervals (01, 06, 08, 10, and 12 h). Table 1

The frequency of a rainfall event is commonly associated
with its return period (RP), which represents the time inter-
val in which a rainfall value can be equal to or exceeded
(Papalexiou et al. 2013). The longer the RP of a precipitation
value is, the lower the probability of that event being equaled
or surpassed, whereas the shorter the RP is, the greater the
probability of rainfall being equaled or exceeded. This con-
cept has been well established in the literature (Mohymont
et al. 2004; Ghiaei et al. 2018).

Table 1 I.dentiﬁc.ation (I,D)’ ID  Municipality Lat. Long. Altitude  Period Faults  Annual aver-
geograpblc locatlop (latitude . ©) ©) (m) (%) age rainfall
anq longitude), altitude, apalysas (mm)
period, and data record failures
(%) of the rainfall stations and 01*  Marabd —5366 —49.125 95.0 1988-2018  0.13 18453
meteorological stations™ located ) gy 40 dos Carajas —5.803 —49.183 1310 1988-2018 1058  1716.7
on the IRW and its surroundings

03 Eldorado dos Carajas — 6428 —49.420 137.0 1988-2018  4.45 1659.2

04  Sapucaia —-6.795 —49.549 191.0 1988-2018  1.61 1488.3

05  Eldorado dos Carajés —6.105 —49.378 141.0 1988-2018  5.85 1918.1

06  Xinguara —-6.869 —49.099 157.0 1988-2018  5.87 1588.9

07  Agua Azul do Norte -6.815 —50.539 303.0 1988-2018  7.53 1529.5

08*  Canad dos Carajds - 6443 —-50.035 236.0 2016-2018  0.00 1220.7

09*  Marabd -5871 —-50479 178.0 2016-2018  0.00 1660.5

10*  Marabd - 5578 —49.535 1340 2016-2018  0.00 1723.9

11%  Agua Azul do Norte -6.699 —50.466 259.0 2016-2018  0.00 1554.1

12*  Marabad —5.825 —49.099 111.0 2016-2018  0.00 1812.1
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The creation of the IDF curves followed these steps:

i Definition of annual daily maximums for the conven-
tional (ITV and INMET) data series (1988 to 2018)

ii  Determination of the maximum daily rainfall for the RPs
(2, 5, 10, 25, 50, and 100 years) according to the 11
probability distributions (Section "Determining prob-
ability distributions and associated metrics")

iii Delimitation of homogeneous groups of daily rainfall
considering the 12 meteorological stations (INMET)

iv Calculation of the disaggregation coefficients from the
hourly rainfall of the network of ITV and INMET sta-
tions (Table 2)

v Disaggregation of maximum daily rainfall from the dis-
aggregation coefficients of CETESB (1986) and calcu-
lated by the present research

vi Generation of IDF (mm/h) curves from the disaggrega-
tion coefficients calculated by the hourly data acquired
from the ITV and INMET meteorological stations

The study estimated the disaggregation coefficients of
rainfall intensity for two meteorological stations (ITV and
INMET) and compared them with the mean values for Brazil
(CETESB) across different hourly durations (1 h, 6 h, 8 h, 10
h, and 12 h) out of 24 h. The coefficients were calculated by
evaluating the direct proportionality between the maximum
hourly rainfall and the maximum daily rainfall at the selected
stations. Although subhourly coefficients were available for
CETESB, hourly time steps of ITV and INMET stations lim-
ited their estimation for the IRW.

3 Results and discussion

3.1 Analysis of homogeneous groups and rainfall
intensity

3.1.1 Daily rainfall characterization and cluster analysis

Cluster analysis revealed the presence of two homogeneous
groups (HGs) that differed primarily from December to May

Table 2 Disaggregation coefficients for the homogeneous groups
(HGs) in the IRW, calculated for Brazil (CETESB 1986)

Relation CETESB (1986) HG-I HG-IT HG-III HG-IV
1h/24h 0.420 0.530 0.321  0.375 0.414
6h/24 h 0.720 0.750  0.593  0.582 0.648
8h/24 h 0.780 0.828 0496  0.632 0.724
10h/24h  0.820 0.824 0.779  0.902 0.754
12h/24h  0.850 0.851 0.877 0.893 0.830
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(Fig. 3). The monthly averages in HG-I were greater than 300
mm in February (313 mm) and March (333.9 mm), while
HG-II reported a maximum of 247.4 and 257.7 mm during
these same months. The average annual rainfall was estimated
at 1826.7 mm and 1559.0 mm for HG-I and HG-II, respectively.

The analysis of daily rainfall data showed that HG-I
exhibited higher levels of heavy (R95p) and intense (R99p)
rainfall between February and March, with thresholds
greater than 40 mm and 70 mm in December, respectively.
The maximum daily rainfall for HG-I was recorded in Octo-
ber (225.3 mm), December (182.0 mm), and April (175.3
mm), with rainfall above 150 mm typically observed from
October to December, February, April, and May. Outli-
ers were detected between January and April, with values
exceeding 20 mm and a maximum above 30 mm between
February and March (Table 3).

For HG-II, heavy and intense rains were also identified
between February and March, with R95p thresholds greater
than 40 mm and R99p records exceeding 70 mm in Decem-
ber. The maximum daily values were observed between
December and May (> 140 mm), especially in January (170.0
mm) and April (165.5 mm). Outliers exceeding 15 mm were
detected between January and April, with the maximum in
February (23.6 mm) and March (23.3 mm) (Table 3).

The rainfall regime in the studied region is mainly influ-
enced by the southern position of the Intertropical Conver-
gence Zone (ITCZ) during the Southern Hemisphere summer
and the South Atlantic Convergence Zone (SACZ), which
generates rainfall (Nobre et al. 1991; Marengo 2005). Vari-
ability in the convection center of the Lower Amazon (Has-
tenrath and Geischar 1993; Carvalho et al. 2002) also impacts
rainfall amounts. The role of frontal systems in organizing
mesoscale convective systems that produce abundant rain-
fall, particularly in the rainy season, is noteworthy (Falck
et al. 2015; Serrdo et al. 2021). Instability lines, which usu-
ally form along Brazil’s northern coast and propagate inland
every 2 days, are also significant, with more or less frequency
between April (October) and June (November) (Cohen et al.
1995; Alcantara et al. 2011; Almeida et al. 2017).

3.1.2 Hourly rainfall characterization and cluster analysis

The cluster analysis conducted on hourly rainfall data in the
IRW identified four HGs (Fig. 4), which differed from the
grouping obtained with daily rainfall data. These differences
were more pronounced between the wet and dry months.
The clustering was critical in establishing and adapting the
disaggregation coefficients, which were then applied to the
daily time series between 1988 and 2018.

HG-I represents the wettest sector of the IRW, in the
E and NE, with an average annual rainfall of 1877.2 mm.
HG-II, situated in the central and SE sectors, has an aver-
age annual rainfall of 1238.9 mm. HG-IV, in the N and
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NE sectors of the IRW, has an average annual rainfall of
1587.2 mm. In contrast, HG-III, found in the W and SE
sectors of the watershed, has an average annual rainfall
of 1554.0 mm (Fig. 4).

From November to April, HG-I exhibits average monthly
rainfall exceeding 200 mm and reaching values above 300
mm in February and March. HG-1I and HG-III have aver-
age monthly rainfall exceeding 200 mm between January and
March, with HG-IIT having maximum rainfall exceeding 300
mm between February and March. During the rainy season,
HG-II has significantly lower averages than the other homoge-
neous groups, with values below 150 mm between November

and January and higher rainfall between February and March
(> 200 mm). The driest period is from June to September, with
averages below 60 mm, and in July, the average rainfall does
not exceed 10 mm in any homogeneous group (Fig. 4).

3.2 Probability distributions, IDF curves, and return
periods

3.2.1 Probability distributions of heavy and intense rainfall

The observed data adjustments generated by the PDFs were
ineffective based on the results of the KS and AD tests. For

@ Springer
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Table 3 Descriptive daily rainfall (mm) statistics for HG-I and HG-II in the IRW

GH-I Maximum Lower quartile Upper quartile
January 130.6 0.0 10.4
February 150.3 0.0 14.6
March 130.8 0.0 15.5
April 175.3 0.0 11.3
May 163.2 0.0 32
June 119.1 0.0 0.0
July 55.8 0.0 0.0
August 53.7 0.0 0.0
September 120.0 0.0 0.0
October 225.3 0.0 0.1
November 162.8 0.0 2.0
December 182.0 0.0 6.5
GH-II Maximum Lower quartile Upper
quartile
January 170.0 0.0 7.3
February 151.9 0.0 9.9
March 144.2 0.0 9.9
April 165.5 0.0 7.1
May 140.0 0.0 0.6
June 99.0 0.0 0.0
July 93.0 0.0 0.0
August 70.0 0.0 0.0
September 145.7 0.0 0.0
October 162.2 0.0 0.0
November 128.1 0.0 24
December 113.0 0.0 52

Outliers Percentile 95 (R95p) Percentile 99 (R99p)
23.8 384 64.3
33.1 48.5 76.0
34.2 449 74.1
259 41.1 73.4
9.3 27.2 55.9
1.0 53 21.4
0.5 1.0 14.3
0.4 0.1 11.3
1.3 9.15 26.8
3.1 18.5 47.1
7.8 30.3 58.2
16.3 33.6 72.3
Outliers Percentile 95 (R95p) Percentile 99 (R99p)
17.7 34.8 67.0
23.6 433 76.6
23.3 40.2 70.6
17.3 34.7 67.1
42 20.1 51.0
0.7 24 19.0
0.3 0.0 10.0
0.5 0.7 17.4
2.0 12.9 37.8
3.7 23.5 56.0
8.4 30.6 61.3
13.8 355 71.6

ID03 (HG-II) station values, more robust adjustments were
identified for PDFs gamma 3, normal, and Weibull (95%
significance), while gamma and log-normal presented 90%
significance (Tables 4 and 5 - Fig. S1). AIC values lower
than 300 were identified for all PDFs in ID 01, ID 06, and
ID 03, except for Fréchet and log gamma 3 in the latter.
BIC values lower than 300 were obtained for all PDFs in ID
06, except for Weibull in ID 01. The log-likelihood func-
tion indicated values lower than — 145 in all ID 06 (HG-II)
PDFs and, except for normal and Weibull, in ID 01 (HG-I).
However, none of the PDFs showed goodness of fit for the
observed data in ID 06 (HG-I), ID 04 (HG-II), and ID 07
(HG-II) when considering all the metrics and tests described
above (Tables 4 and 5—Fig. S2).

The use of PDFs for analyzing historical heavy and
intense daily rainfall series indicated that the Fréchet dis-
tribution had the highest values, ranging from 140.1 to 162
mm for R95p and 179.1 to 219.7 mm for R99p. However,
the Gumbel PDF produced the highest values in ID 02, with
173.2 mm for R95p and 221.0 mm for R99p. In contrast,
the normal distribution yielded the lowest values for R95p

@ Springer

and intense R99p rains at most rainfall stations, ranging
between 121.9 and 154.3 mm and 147.9 and 176.2 mm,
respectively (Tables 4 and 5 - Fig. S3). The KS and AD
tests revealed that the PDFs had better performance in ID
02 and ID 06, while poorer performances were observed in
ID 04 and ID 05 for the KS test and in ID 01 and ID 02 for
the AD test (Fig. S1).

The AIC metric indicated that the Gumbel (300.8) and
gamma (301.1) probability density functions (PDFs) had
better fits to the time series of annual maximum daily rain-
fall. In contrast, the BIC metric revealed that the Gumbel
(303.6) and gamma (303.9) PDFs provided better adjust-
ments. The Weibull (304.4) and normal (303.9) PDFs had
lower adjustments for the AIC metric, while the Log gamma
3 (307.4) and Weibull (307.3) distributions produced the
worst results for the BIC metric (Table 6 - Fig. S2).

The log-likelihood function revealed that GEV (— 147.6),
Weibull 3 (— 147.6), log-normal 3 (— 147.7), and gamma
3 (— 147.9) are the most suitable PDFs for estimating the
maximum annual rainfall in the IRW. However, the Weibull
(— 150.2) and normal (— 150.0) PDFs showed the greatest
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Fig.4 Dendrogram (Ward’s method—in A) and the spatial distri-
bution of the homogeneous groups (HGs) and hypsometry (m) for
hourly rainfall in the IRW (in B). Monthly rainfall distribution (mm)

misfits and are thus not recommended for use in the IRW
(Table 6 - Fig. S2).

The Gumbel and gamma distributions better fit the max-
imum annual rainfall series in the IRW, as indicated by
the metrics. However, the GEV and Weibull 3 PDFs best
fit according to the log-likelihood function. The normal
and Weibull PDFs significantly underestimated the intense
rains in the IRW, and they showed the worst adjustments
to the annual maximum daily rainfall in the IRW in all the
evaluated metrics.

in homogeneous groups (HGs) in the IRW (in C), according to hourly
rainfall records (2016-2018)

Beskow et al. (2015) conducted a study on Rio Grande do
Sul in southern Brazil and identified the kappa probability
distribution as the most appropriate for estimating maximum
rainfall, with GEV and Gumbel distributions also suitable.
Blain et al. (2021) investigated maximum annual rainfall
data for the state of Sao Paulo in southern Brazil and found
that the GEV and generalized logistic distributions (GLOs)
accurately modeled annual maximum daily rainfall. Simi-
larly, Lima et al. (2021) indicated that the Gumbel, GEV,
and log-normal distributions were suitable for representing
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Table 4 Descriptive level (p Distribution D p value p value loglik AIC BIC R95p R99p
vah.le) for the Kolmogorov- (KS) (AD)
Smirnov (KS) and Anderson-
Darling (AD) test, log- Fréchet 01 095 0.98 —1439 2938 2981 1584 1938
E;zlr‘;‘;‘t’i r(llzrgiltlé‘r)i;l /?ﬁlckf Gamma 01 073 0.87 — 1444 2927 2956 1522 1758
Bayesian information criteria Gamma 3 01 0.88 0.95 — 1440 2940 2983 1550  182.8
(BIC), and estimated annual GEV 01 0.94 0.98 — 143.8 293.7 298.0 155.7 186.6
daily rainfall intensity for 95 Gumbel 01 096 0.98 —1439 2918 2946 1580 1933
Egggg; ;‘;‘fpgrzg’;;ﬁiet“ymes Log Gamma3 01  0.92 0.97 —1439 2938 2981 1553 1863
distribution functions to Log Normal 3 01 0.86 0.95 —1440 2939 2982 1540 1819
estimate the maximum daily Log Normal 01 0.87 0.95 —144.0 291.9 294.8 153.9 181.8
rainfall at rain gauges and the Normal 01 043 0.54 —146.1 2962 2991 1504 1688
Yﬁ?&hi;iiTZf;?féﬁﬁzﬁTe Weibull o1 035 0.39 — 1472 2985 3013 1536 1711
Weibull 3 01 077 0.84 — 1444 2947 2990 1552 1792
Fréchet 02 092 0.82 - 1472 3003 3045 1722 2195
Gamma 02 081 0.85 - 1466 2972 3000 1617  194.4
Gamma 3 02 064 0.82 — 1463 2985 3027 1576  185.1
GEV 02 064 0.82 — 1461 2983 3025 1571 181.2
Gumbel 02 090 0.82 — 1472 2983 3011 1732 2210
Log Gamma3 02  0.95 0.77 —-1478 3016 3058  170.7 2179
LogNormal3 02  0.64 0.83 -~ 1462 2985 3027 1577 1857
Log Normal 02 095 0.79 —147.6 2992 3020 1695 2144
Normal 02 042 0.69 - 1466 2973  300.1 154.3 176.2
Weibull 02 045 0.70 - 1467 2973 3002 1559  176.8
Weibull 3 02 055 0.75 —1465 2990 3032 1567  179.4
Fréchet 05 0.90 0.88 —1499 3059 3103 1451 199.6
Gamma 05 094 0.80 —152.1 3082  31L1 138.1 167.3
Gamma 3 05 044 0.39 - 1489 3038 3082 1581  216.8
GEV 05  0.90 0.87 - 1499 3059 3103 1459 2023
Gumbel 05 097 0.91 —-1505 3051 3080 1373 1734
LogGamma3 05  0.90 0.85 - 1498 3056 3100  147.0 2034
LogNormal3 05  0.92 0.84 - 1498 3055 3099 1476 2017
Log Normal 05 097 0.91 —150.6 3053 3082 1389 1745
Normal 05  0.69 0.30 —1574 3189 3218 1396 1622
Weibull 05 049 0.25 -1566 3172 320.1 1467 1735
Weibull 3 05 071 0.58 - 1487 3034 3078 1531  202.8

Legend: * = 95% significance; The expressive metrics are highlighted in bold

annual maximum daily rainfall in Rio de Janeiro in southern
Brazil; similar results were obtained in this research.

Abreu et al. (2018) conducted statistical tests using KS
and AD to evaluate extreme daily rainfall in the southwest
region of Minas Gerais (southern Brazil). They found that
the Gumbel and GEV probability distributions were better
suited for estimating rainfall extremes in this area. In the
Brazilian Amazon, Santos et al. (2015) showed that the GEV
and Pareto distributions had a good fit for estimating seasonal
maximum daily rainfall in different subbasins, with the GEV
distribution being the most suitable. In the southeast region
of Para, where the IRW is located, the Gumbel distribution
estimated maximum daily rainfall values between 106.5 and
299.6 mm during the austral autumn (March to May).

@ Springer

Ximenes et al. (2021) analyzed the monthly average
rainfall series for the Brazilian northeast region (NEB) and
found that the gamma and Weibull distributions fit well.
The log-normal and generalized Pareto distributions also
presented satisfactory results in some regions and certain
months. However, these results differ from the estimates of
maximum daily rainfall for the IRW.

3.2.2 IDF curves and return periods of extreme rainfall

A comparison of the disaggregation coefficients showed
that CETESB's values from 1986 underestimated hourly
rainfall at HG-I compared to those obtained in this study.
The maximum rainfall intensity for a 100-year return
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Table 5 Descriptive level (p
value) for the Kolmogorov-
Smirnov (KS) and Anderson-
Darling (AD) test, log-
likelihood (LLK), Akaike
information criteria (AIC),
Bayesian information criteria
(BIC), and estimated annual
daily rainfall intensity for 95
(R95p) and 99 percentiles
(R99p) for probability
distribution functions to
estimate the maximum daily
rainfall at rain gauges and the
weather station for HG-II in the
IRW, eastern Amazon, Brazil

Distribution ID p value p value LLK AIC BIC R95p R99p
(KS) (AD)
Fréchet 03 0.40 0.81 — 1485 303.0 307.4 162.8 219.7
Gamma 03 0.06% 0.30 - 150.7 305.4 308.3 152.8 178.3
Gamma 3 03 0.04* 0.25 - 1515 308.9 3133 153.3 177.4
GEV 03 0.40 0.81 — 1485 303.0 307.4 162.6 219.4
Gumbel 03 0.21 0.55 —149.0 302.1 305.0 153.0 187.1
Log Gamma 3 03 0.36 0.80 — 1484 302.9 307.3 162.5 213.8
Log Normal 3 03 0.35 0.79 — 1484 302.8 307.2 162.1 210.3
Log Normal 03 0.10* 0.42 —149.8 303.7 306.6 1539 183.8
Normal 03 0.02* 0.15 - 1532 3104 3133 151.6 171.4
Weibull 03 0.02* 0.15 — 1538 3117 314.6 154.8 174.0
Weibull 3 03 0.21 0.64 — 1484 302.8 307.2 159.4 192.0
Fréchet 04 0.73 0.70 —150.6 307.2 311.6 155.3 199.6
Gamma 04 0.93 0.87 —149.6 303.3 306.2 142.2 167.3
Gamma 3 04 0.96 0.87 —149.6 305.2 309.6 141.3 165.3
GEV 04 0.95 0.87 —149.6 305.2 309.6 141.8 164.6
Gumbel 04 0.77 0.77 - 150.3 304.5 307.5 151.6 190.0
Log Gamma 3 04 0.72 0.75 - 150.3 306.6 311.0 148.9 185.3
Log Normal 3 04 0.80 0.81 - 150.0 306.0 3104 146.1 178.1
Log Normal 04 0.80 0.81 - 150.0 304.0 306.9 146.0 177.9
Normal 04 0.88 0.73 —150.3 304.7 307.6 138.1 156.2
Weibull 04 0.75 0.61 —150.8 305.6 308.5 139.8 156.8
Weibull 3 04 0.90 0.78 —149.7 3054 309.8 141.6 162.9
Fréchet 06 0.19 0.29 —143.8 293.6 298.0 140.1 179.1
Gamma 06 0.37 0.48 —141.7 287.5 290.4 125.0 143.6
Gamma 3 06 0.51 0.55 —141.6 289.1 293.5 123.1 139.0
GEV 06 0.48 0.52 —141.7 289.4 293.8 1243 139.2
Gumbel 06 0.22 0.34 —143.1 290.2 293.1 1352 166.2
Log Gamma 3 06 0.25 0.39 —142.3 290.6 295.0 128.4 152.1
Log Normal 3 06 0.52 0.55 — 141.6 289.1 293.5 123.1 139.0
Log Normal 06 0.27 0.40 —142.2 288.4 291.3 127.6 150.2
Normal 06 0.65 0.58 —141.7 287.4 290.3 121.9 135.7
Weibull 06 0.60 0.52 — 1424 288.8 291.7 122.3 134.1
Weibull 3 06 0.48 0.53 — 1415 289.0 293.4 123.4 138.0
Fréchet 07 0.84 0.78 — 1548 315.6 320.0 141.8 185.0
Gamma 07 0.89 0.80 —154.7 3133 316.2 137.4 171.8
Gamma 3 07 0.85 0.87 - 153.9 313.8 318.2 130.7 156.8
GEV 07 0.82 0.86 —153.8 313.6 318.0 130.0 152.6
Gumbel 07 0.88 0.80 — 1548 3135 316.5 1442 188.5
Log Gamma 3 07 0.57 0.52 - 156.9 319.8 3242 152.9 211.2
Log Normal 3 07 0.85 0.88 - 1539 313.8 318.2 130.7 1573
Log Normal 07 0.62 0.57 - 156.6 317.2 320.2 150.3 204.6
Normal 07 0.68 0.75 - 1543 312.6 315.6 127.4 147.9
Weibull 07 0.71 0.80 - 154.0 312.0 314.9 129.9 151.6
Weibull 3 07 0.73 0.81 - 154.0 314.0 3183 130.1 152.2

Legend: * = 95% significance; *

period event in 60 min was 125.0 mm/h using the coef-
ficient established in this research, while it was 117.6
mm/h using CETESB’s (1986) coefficient in ID 02. This

= 90% significance. The expressive metrics are highlighted in bold

pattern of underestimation is consistent across different
rainfall durations (Fig. 5). In contrast, for HG-II and 1V,
CETESB’s (1986) coefficients overestimate the intensity
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Table 6 The mean value

Distribution LLK (mean) LLK (sd) cld AIC AIC (sd) cld BIC BIC (sd) cld
for each metric related to
the model’s goodness of fit Fréchet — 1484 3.90 abc 3028  7.80 a 3071 7.82 a
(loglik, AIC, and BIC) and Gamma ~ 1485 453 abe 3011 907 a 3039  9.08 ab
the corresponding compact Gamma 3 ~147.9 430 abc 3020  8.59 a 3063 862 ab
letter display of the Friedman
multiple comparison post hoc GEV ~147.6 407 a 3013 816 a 3056 818 ab
tests at a 5% significance level. Gumbel — 1484 4.07 abc 3008  8.14 a 3036 815 b
According to the Friedman test, Log Gamma 3 —148.5 4.75 abc 303.0 9.51 a 307.4 9.52 a
the metrics for distributions Log Normal 3 - 1477 475 ab 3013 825 a 3057 827 ab
followed by the same letter are Log Normal ~ 1487 474 abe 3014 950 a 3042 951 ab
not different Normal ~ 1500 547 be 3039 1094 a 3068 110 ab

Weibull ~ 1502 501 c 3044 10.02 a 3073 1041 a

Weibull 3 1476 3.99 ab 3012 7.99 a 3055 801 ab

of estimated rains for various durations and return periods.
The differences between the rainfall intensity values gener-
ated by the two methodologies were smaller in HG-IV than
in HG-II. The results demonstrate that the application of
CETESB’s (1986) DC overestimates the rainfall intensity
of different durations and return periods in this sector of
the IRW. For HG-III, the maximum estimated rainfall last-
ing 60, 360, 480, and 1440 min had higher intensity than
CETESB’s (1986) DC, while the maximum rain lasting
720 and 600 min was more intense in CETESB (1986)
than in the DC proposed in this study (Fig. 5).

The study area’s adapted coefficients yielded maximum
rainfall intensities of 125.0 and 117.6 mm/h for a 100-year
RP in ID 02 and ID 05 (HG-I), respectively, while ID 06 and
ID 04 had the lowest rainfall intensity values of 63.1 and
64.7 mm/h, respectively, for the same duration (Table 7).
The ID 02 rainfall station (HG-I) recorded the highest
rainfall intensity totals for 1440 min, with values ranging
between 7.7 and 9.8 mm/h for RPs equal to or greater than
25 years, whereas for RPs of 2 to 10 years, ID 01 (HG-1V)
exhibited the highest daily rainfall, ranging from 4.0 to 6.2
mm/h (Table 7).

For RPs equal to or greater than 10 years, ID 06 (HG-III)
is expected to have less intense rainfall intensities, rang-
ing from 4.9 to 7.0 mm/h over 1440 min. Consequently, the
expected 1440-min rainfall intensity for a 100-year RP in ID
02 (9.8 mm/h) is 40% greater than that estimated for ID 06
(7.0 mm/h). The lowest 1440-min intensities for RPs of 2
and 5 years are anticipated at ID 07 (HG-III), with values of
2.9 mm/h and 4.2 mm/h, respectively (Table 7).

Silva Neto et al. (2020) analyzed the state of Tocantins
and reported rainfall intensities lasting 1440 min ranging
from 7 mm/h (RP10y) to 12 mm/h (100-year RP). For rain-
fall durations of 720 min, the intensities were 14, 20, and
23 mm/h for RPs equal to 10, 50, and 100 years, respec-
tively. The extreme N and NW regions of Tocantins, adja-
cent to the IRW, experienced the highest intense rainfall due
to the prevalence of the Continental Equatorial air mass,
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which facilitates convective rainfall of short duration and
high intensity. Santos et al. (2015) identified the Brazilian
Amazon as the rainiest region in Brazil, with a maximum
daily intensity estimated to be between 219.5 mm (west) and
430.5 mm (east) for a 100-year RP.

4 Conclusions

The IRW sectors with the highest rainfall totals were iden-
tified through cluster analysis. HG-I in the SE and NE
watershed sectors had the highest rainfall, followed by
HG-II in the S and SW sectors. Rainfall is concentrated
(> 90%) in both homogeneous rainfall groups from Octo-
ber to May, with the highest totals in February and March.
HG-I (February to April) experienced the most intense
daily rainfall for the thresholds of R95p and R99p. The
statistical tests and metrics indicated that the rainfall time
series adhered well to the PDFs. The Gumbel and gamma
distributions fit more closely to the series of maximum
annual rainfall in the IRW, as indicated by the AIC and
BIC metrics. The LLF indicated the best fit for the GEV
and Weibull 3 PDFs. The normal and Weibull distributions
mostly underestimated the intense rains in the IRW, as the
PDFs were less adjusted to the IRW rain time series.
Calculating disaggregation coefficients as a function of
homogeneous groups and patterns allows for evaluating
and estimating rainfall totals at other stations by adapting
to the dynamics of regional rainfall. However, CETESB’s
disaggregation coefficients (CETESB 1986) underestimate
the maximum hourly rainfall for HG-I and overestimate
the maximum rainfall for HG-II and IV for different RPs.
IDF curves demonstrate values exceeding 115.0 mm/h
for a maximum rainfall of 60 min and RP of 100 years
in HG-I. Conversely, the lowest value (~ 65 mm/h) for
maximum hourly rainfall for the RP of 100 years was
recorded in HG-II. This study is expected to contribute
to redimensioning agricultural, urban, and road drainage
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Fig.5 Scatter graph of maximum hourly rainfall and different return
periods estimated from the disaggregation coefficients developed
by CETESB (1986) and calculated by this research and the maxi-

hydraulic works by indicating essential parameters that
may prevent or minimize the socioenvironmental impacts
of floods and landslides. Future studies should investigate
the occurrence of intense rainfall in different climate sce-
narios, considering the Intergovernmental Panel on Cli-
mate Change (IPCC) reports, and examine how the IDF
curves would change under these scenarios.
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mum daily rainfall (mm) for different return periods estimated at rain
gauges at the weather station in the IRW. The return period of 2 (in
a), 5 (in b), 10 (in ¢), 25 (in d), 50 (in e), and 100 years (in f)

For public managers, we recommend maintaining and
improving an active pluviograph station network to meas-
ure and understand subdaily extreme events, which is of
great relevance to understanding watersheds that have high
erosivity levels and dense drainage networks. This infor-
mation will subsidize the management of risks and vulner-
abilities in complex watersheds of interaction between the
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Table 7 Intensity-duration- .
D RP2 RP5 RP 10 RP 25 RP 50 RP 100
frequency (IDF) (mm h™!) for (min) Y Y Y Y y Y

different return periods (RPs) at ID 02—GH-I
rain gauges and weather stations 60

in fho heamogono0s grops 48.0 66.0 79.7 97.7 1113 125.0

(HGs) in the IRW 360 113 15.6 18.8 23.0 263 295
480 9.4 12.9 15.6 19.1 217 244
600 75 10.3 12.4 15.2 17.3 19.4
720 6.4 8.8 10.7 13.1 14.9 16.7
1440 3.8 5.2 6.3 7.7 8.8 9.8
ID 05—GH-I
60 403 58.4 72.1 90.2 103.9 117.6
360 9.5 13.8 17.0 213 245 277
480 7.9 114 14.1 17.6 203 23.0
600 6.3 9.1 11.2 14.0 16.2 18.3
720 54 7.8 9.6 12.1 13.9 15.7
1440 3.2 4.6 5.7 7.1 8.2 9.2
ID 04—GH-II
60 277 36.4 429 51.6 58.1 64.7
360 8.5 11.2 13.2 15.9 17.9 19.9
480 53 7.0 8.3 9.9 11.2 12.5
600 6.7 8.8 10.4 12.5 14.1 15.7
720 6.3 8.3 9.8 11.7 13.2 14.7
1440 3.6 47 5.6 6.7 7.5 8.4
ID 03—GH-III
60 36.2 476 56.2 67.6 76.2 84.8
360 9.4 123 14.5 17.5 19.7 219
480 7.6 10.0 11.8 14.2 16.0 17.9
600 8.7 11.4 13.5 16.2 18.3 20.4
720 7.2 9.4 1.1 13.4 15.1 16.8
1440 4.0 53 6.2 7.5 8.5 9.4
ID 06—GH-IIT
60 316 39.0 44.5 519 575 63.1
360 8.2 10.1 115 13.4 14.9 16.3
480 6.7 8.2 9.4 10.9 12.1 133
600 7.6 9.4 10.7 12.5 13.8 15.2
720 6.3 7.7 8.8 10.3 11.4 12.5
1440 3.5 43 49 5.8 6.4 7.0
ID 07—GH-ITI
60 25.9 379 47.0 58.9 68.0 77.0
360 6.7 9.8 12.1 15.2 17.6 19.9
480 5.5 8.0 9.9 12.4 14.3 16.2
600 6.2 9.1 113 14.2 16.3 18.5
720 5.1 7.5 9.3 117 13.5 153
1440 2.9 42 5.2 6.5 7.5 8.6
ID 01—GH-IV
60 40.5 53.0 62.4 74.9 84.4 93.8
360 10.6 13.8 16.3 19.6 220 24.5
480 8.9 11.6 13.7 16.4 18.4 20.5
600 7.4 9.6 114 13.6 15.4 17.1
720 6.8 8.9 10.4 125 14.1 15.7
1440 4.1 53 6.3 7.5 8.5 9.4
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natural attributes of the landscape and different land use
and types of occupation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00704-023-04591-1.
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