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A regional investigation of precipitation extremes could help the local

authorities to develop strategies against potential climatic disasters,

especially in regions of large climate vulnerability. In this context, this study

focused on the homogeneity and trend analysis of eleven extreme precipitation

indices from a daily rainfall dataset of rain gauges of the state of Ceará, located

in the north of Northeast Brazil, from 1974 to 2018 at annual and seasonal time

scales. The data were first submitted to gap-filling and quality control

processes. Homogeneity, trend, and correlation coefficient were performed

subsequently. Homogeneity results showed thatmost of the precipitation series

were classified as “useful.” Significant break years in the series agreed well with

moderate and very strong El Niño and La Niña events, suggesting a further

investigation of this possible connection. Wet and dry day precipitation indices

mainly indicated a decrease in the rainfall regime and an increase in dry days,

mainly in the central-eastern, northwestern, and southern regions of the Ceará,

especially during the annual time scale and the rainy season. The Locally

Weighted Scatterplot Smoothing (LOWESS) curve showed changes in almost

all series during the 1980s and 1990s, coinciding with the homogeneity breaks

and years of severe droughts that strongly hit the region. Correlation

coefficients were strong and significant between rainfall total index and the

other precipitation indices.
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1 Introduction

The state of Ceará is located in the north of Northeast Brazil

(NEB), bordering the Atlantic Ocean to the North. This region

has a predominantly semi-arid climate and is considered the

most populated dry area in the world (Marengo et al., 2017,

2018). Besides, family farming is prevalent and highly vulnerable

to natural disasters in the Ceará (Oliveira, 2019). The climate in

the NEB shows large interannual variability related mainly to

precipitation, presenting years extremely dry and other extremely

rainy (Costa et al., 2020; Silva et al., 2020). The NEB is also

characterized by extreme events, where recurrent and severe

droughts stand out (Marengo et al., 2018; Oliveira, 2019).

Droughts can compromise irrigation, agriculture, and primary

uses of water, including hydropower and industry, and hence the

wellbeing of residents (Marengo et al., 2018). These issues could

substantially impact the environmental and socioeconomic

factors of the NEB, where the scarcity of perennial water

resources and the growing risk of desertification are a

hallmark. According to Marengo and Bernasconi, (2015),

combining some processes as rainfall variability, land

degradation, and desertification could make NEB one of the

world’s regions most vulnerable to climate change. Therefore,

understanding the extreme precipitation is important in the

context of anticipated global climate change, especially in

vulnerable regions like the NEB.

According to the Intergovernmental Panel on Climate

Change (IPCC, 2012), the climate-related extreme events will

be more intense and recurrent in the following decades,

projecting an increased frequency of drought, flooding and

heat stress events for the rest of the century, with many

adverse effects, which goes beyond the impacts due to changes

in the average variables. A decrease in rainfall is also expected in

most tropical and subtropical regions, while an increase in

precipitation is predicted in the mid-latitudes (IPCC, 2014).

Recent studies showed that significant increases in

temperature and decreases in precipitation are predicted for

NEB for the second half of this century, resulting possibly in

more intense and recurrent droughts (Marengo et al., 2017,

2018). The most recent drought that lasted for five straight

years, causing several impacts on the regional economy and

society of the NEB, was an example of what could happen to the

region in the future (Brito et al., 2018). A better comprehension

of the recent climate-related extreme events over the NEB and

how this might affect the region regarding water resources, food

production, income, and livelihoods provide beneficial results to

guide the decision-makers. Precipitation times series could

supply vital information about climate change and variability,

trends, and meteorological patterns. However, non-climatic

factors may bias the conclusions of climate and hydrological

research, hiding the actual climate patterns and signals (Costa

and Soares, 2009) and producing inhomogeneity in the volume,

frequency, and intensity of rainy days. Therefore, the

homogeneity usually is tested in key variables such as extreme

precipitation indices (Wijngaard et al., 2003; Vicente-Serrano

et al., 2010; Hänsel et al., 2016). The World Meteorological

Organization (WMO, 2011) advises carefully evaluating data

for the impacts of the inhomogeneities in the climatological

dataset. The reliability of climatological data needs to be tested

prior to performing deeper analysis to avoid ambiguous trend

results (Hänsel et al., 2016). A few homogeneity analyses were

performed on Brazil’s climatological time series, such as a study

that assessed the homogeneity of the climatological series for the

state of Minas Gerais (Roziane et al., 2012). In another study, the

homogeneity of a meteorological station in the Metropolitan

Region of São Paulo in terms of the effects of changing

instruments and urbanization was analyzed, where the

potential break years were identified due to changes in

instruments, and then to urbanization (Sugahara et al., 2012).

Hänsel et al. (2016) examined the homogeneity and climatic

variability of the temperature and precipitation series in the nine

capitals of NEB, finding a relation between the inhomogeneities

and both extreme events and climate anomalies. Therefore, the

analysis of the homogeneity of the climatic series is an essential

step before any climate study.

Analysis of precipitation trends is needed and essential for

studying the impacts of climate changes and for water resources

planning and management (Haigh, 2004). Studies on trends of

extreme precipitation on a global and continental-scale have

increased considerably (Pal and Al-Tabbaa, 2011; Huerta and

Lavado-Casimiro, 2020). Moreover, a global or continental

analysis of historical climate data is less than useful for

planning at a local scale (Taxak et al., 2014). Regional or local

studies on extreme precipitation may be more practical to help

authorities develop adaptation strategies to mitigate possible

disasters, as suggested by Li et al. (2018). In addition to that,

there exist related studies on trend analysis of precipitation in the

NEB region. Oliveira et al. (2014) calculate the climatology and

trend of both frequency and intensity of heavy, weak, and normal

rainfall events, identifying a negative trend regarding the number

of episodes and a positive trend in daily rainfall, using quantile

technique and Mann-Kendall non-parametric test, respectively.

Subsequently, Oliveira et al. (2017) apply a similar approach in

the NEB sub-regions, verifying only decreasing trends in the

northern semiarid, favoring the occurrence of dry periods in this

sub-region. Both studies mentioned above encountered a

relationship between extreme rainfall events and La Niña and

El Niño occurrences. In particular, recent research has focused on

evaluating indices of climate extremes of temperature and

precipitation over the NEB at the regional and sub-regional

scale, showing a reduction in the total annual precipitation

and the frequency of rainy days, and finding an increase in

heat waves, using the Mann-Kendall test (Costa et al., 2020).

Guerreiro et al. (2013) analyze the monthly rainfall trend for

Ceará from 1974 to 2009, finding a trend for the dry months to

become drier and for a decrease in rainfall intensity.
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This study aims to evaluate the quality of daily precipitation

series in Ceará and assess their suitability for examining the

changes in the extreme precipitation indices. A daily

precipitation dataset with 84 rain gauges from 1974 to 2018 is

then subject to fill gaps and the quality control process.

Subsequently, the possible influences of interannual climate

variability on the identified breakpoints in the homogeneity

analysis are discussed. The interannual spatial-temporal

changes of eleven extreme precipitation indices are

investigated, as well as the correlation between these indexes.

All analyzes were performed at the annual and seasonal scales.

The paper proceeds as follows: Section 2 describes the materials

and methods, Section 3 describes the results and discussion, and

Section 4 summarizes the findings.

2 Materials and methods

2.1 Study area and dataset

The state of Ceará is located in the semiarid region of the

NEB, and it borders the Atlantic Ocean on the North and has a

total area of 148.826 km2. Figure 1 illustrates two maps of the

state of Ceará presenting the target station locations. Besides,

Figure 1A shows the actual elevation above mean sea level, and

Figure 1B exhibits the rain gauge locations and surrounding

stations. The high spatial density of stations and the variation of

this density between the areas are also observed (Figure 1B). The

original database used in this workwas provided by theMeteorology

and Water Resources Foundation of Ceará (Fundação Cearense de

Meteorologia e Recursos Hídricos—FUNCEME), available at http://

www.funceme.br/produtos/script/chuvas/Download_de_series_

historicas/DownloadChuvasPublico.php. The precipitation data

have been recorded in the state of Ceará since 1973, following the

recommendations of the WMO. The data are collected daily at

1000 UTC (at 0700 Ceará standard time) by volunteers, who have

been trained periodically by FUNCEME.

A total of 784 rain gauges recorded between the period

1973–2018 were used in this study. The stations with less than

6 years of full data were also refused, so that 523 stations were

chosen. Moreover, as only three stations had data from 1973,

this year was excluded from the analysis. Stations with data

from 1974 to 2018 and stations with less than 5% of missing

data were the criteria used to select the target stations in this

study. The other rain gauge was defined as surrounding

stations, which were used for gap filling and subjected to a

quality control process of the target stations. In this context,

84 target stations were selected for the analysis of

homogeneity and trend, and 439 rain gauges were chosen

as the surrounding stations (Figure 1B). Missing values for the

84 target stations ranged from 0% to 2.05%. On average,

approximately 88% of the missing values in these stations

were found in the dry season. As this is a period with almost

no rain, volunteers probably did not collect the data at times.

In addition, the missing values on average are well distributed

over the days of the week. The maximum number of

FIGURE 1
(A) Altitudemap of the state of Ceará and (B) rain gauge locations and surrounding stations in the study area. The numbers of the target stations
are also shown on both maps and the red points are related to the surrounding stations.
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consecutive days without data at the target stations ranged

from 0 to 197 days, with an average of approximately 39 days.

The cumulative annual rainfall of the Ceará ranged from

540 to 1668 mm during the period of study (Supplementary

Figure S1A in the supporting information). We defined the

rainy season as January to June for each year due to the high

density of cumulated rainfall in these months. Supplementary

Figure S1B (in the supporting information) shows that the

precipitation in the rainy season ranged from 470 to 1529 mm.

On the other hand, we defined the dry season as the 6 months

from July through December for each year, based on the low

density of accumulated rainfall concentrated in these months.

Hänsel et al. (2016) used the same definition for the rainy and

dry seasons in the northern sector of NEB. Supplementary

Figure S1C (in the supporting information) shows that the

precipitation in the dry season ranged from 33 to 300 mm.

Additionally, a pooled analysis of altitude (Figure 1A) and

cumulative rainfall (Supplementary Figures S1A–C in the

supporting information) maps showed that the greatest

cumulative precipitations were verified in the central-north

region and mountain areas of the state. The large

interannual variability is one of the main characteristics of

the climate in the NEB and is, therefore, one of the essential

features of the rainfall distribution over Ceará. The

Intertropical Convergence Zone (ITCZ) is the main

atmospheric system that influences the weather and climate

in the NEB (Uvo, 1989). It affects mainly the rainfall regime in

the north sector of the NEB. Furthermore, the upper-

tropospheric cyclonic vortices, tropical squall lines, and sea

breezes contribute to the climate variability of the region

(Molion and Bernardo, 2002; Ferreira and Mello, 2005;

Teixeira, 2008). The climate in the NEB also lies under the

influence of the Pacific and Atlantic Oceans (Moura and Shukla,

1981; Aragão, 1986, 1990; Uvo et al., 1998; Kayano and

Andreoli, 2006; Teixeira, 2008; Andreoli and Kayano, 2009;

Silva et al., 2020).

2.2 Missing data and quality control

Themissing values are inevitable in the climate databases and

are caused by the temporary absence of observers, equipment

failure, infrequent calibration of sensors, among others (Kashani

and Dinpashoh, 2012). Therefore, filling in gaps plays an

important role in solving this problem in climate studies. The

estimation of missing values is the first step of the climatological,

hydrological analysis, and environmental studies, according to

Kanda et al. (2018). The second step is to perform the quality

control process to identify any erroneous and questionable values

in the database. Most of these errors are due to exceptionally high

or low spurious values, as well as the inclusion of false zeros

(Viney and Bates, 2004; Vicente-Serrano et al., 2010; Domonkos,

2015). Therefore, the gap-filling and quality control procedures

were carried out in this work before analyzing homogeneity and

trends.

The distance threshold between the target stations and their

surrounding gauges is called the influence radius. Thus, in the

present work, the influence radius of 50 km was chosen based on

the density of stations and the average correlation between pairs

of observatories, considering that data from surrounding stations

were at least 30% complete and coincident with the target station.

Other authors used an influence radius of 50 km to complete the

dataset (Barrios et al., 2018; Estévez et al., 2018; Bellido-Jiménez

et al., 2021). A similar approach was performed by Vicente-

Serrano et al. (2010), however, using an influence radius of

15 km. Furthermore, the density of stations in this influence

radius ranged from 3 to 23 surrounding gauges per target station.

Xia et al. (1999) suggest that a maximum of five closest weather

stations results in a better estimate of the missing data. Therefore,

following the above considerations, a minimum of 3 and a

maximum of 5 surrounding sites per target station was

chosen, and the inverse distance weighting, which takes into

account the distance between two stations as a weighting factor,

was used to estimate the missing data to conduct this research.

This approach is considered the most popular method used by

climatologists due to its easy applicability (Hubbard, 1994; Xia

et al., 1999; Kanda et al., 2018).

Comparing daily values among neighboring observatories is

the best approach to detect possible mistakes in precipitation

series, as suggested by Vicente-Serrano et al. (2010). Thus, a

series of percentiles were created for each reconstructed

precipitation series by converting zero values into zero

percentiles and replacing the other precipitation values for

their corresponding percentiles. The applied methodology was

based on the difference between the target station percentile and

the average of the percentiles of surrounding stations. In the case

of the zero percentile, if the difference between the target station

percentile and the average of the percentiles of surrounding

stations exceeded the 50th percentile unit threshold, the target

station value was then substituted by the value of the nearest

surrounding station. In the case of the 99th percentile, if the

difference between the target station percentile and the average of

the percentiles of surrounding stations exceeded the 70th (60th)

percentile in the rain (dry) season, the target station value was

then substituted by the value of the nearest surrounding station.

In the case of the below 99th percentile, if the difference between

the target station percentile and the average of the percentiles of

surrounding stations exceeded the 80th (70th) percentile in the

rain (dry) season, the target station value was then substituted by

the value of the nearest surrounding station.

To verify if the probability distribution of the extreme

precipitation values of the target station was affected by the

quality control process, the L-coefficients of skewness and

kurtosis of the partial duration series (PDS) were used. The

PDS are series constituted of extreme values that exceed a pre-

determined threshold value. Therefore, the extreme values were
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separated, and PDS were calculated for each series before and

after quality control. The 90th, 95th, and 99th percentile

threshold values were chosen for creating the PDS. For more

details about the methodology, see Vicente-Serrano et al. (2010).

2.3 Homogeneity and trend analysis

The homogeneity evaluation of the precipitation series was

carried out through the Standard Normal Homogeneity Test

(SNHT) for a single break (Alexanderson, 1986), the Buishand

range test (Buishand, 1982), the Pettitt test (Pettitt, 1979), and the

Von Neumann ratio test (Von Neumann, 1941). These statistical

tests are traditional in analyzing the homogeneity in monthly and

annual series (Hänsel et al., 2016). The four tests must accept the

null hypothesis that the annual values of the tested variable are

independent and identically distributed, i.e., the time series is

homogeneous. The alternative hypothesis considers that there is

a break in the time series, indicating a date or just a break,

depending on the test used. A change in the series exists when a

break occurs, but the break year may differ by a few years. Hänsel

et al. (2016) affirmed that the tests do not always identify the

break years correctly, suggesting that breaks that vary only by

about 1–4 years should be pooled.

The Pettitt, the Buishand range, and the SNHT assume under

the alternative hypothesis that a stepwise shift in the mean

occurs. Beyond that, these tests are location-specific because

they can identify the break year (Wijngaard et al., 2003). The

Pettitt and the Buishand tests are more accurate in locating a

break year in the middle of the time series (Hawkins, 1977), while

the SNHT detects the breaks at the beginning and the end of the

series better than other tests (Martínez et al., 2009). Also, the

SNHT and the Buishand range test are more sensitive to outliers

than the Pettitt test since the former tests assume that the values

are normally distributed. In contrast, the latter is founded on the

ranks of the elements of the series. Conversely, the Von

Neumann ratio test assumes under the alternative hypothesis

that the series is not randomly distributed and given no

information about the year of the break (Wijngaard et al.,

2003). For further details about the homogeneity tests see

Hänsel et al. (2016) and Wijngaard et al. (2003).

The application of homogeneity tests in the raw data series

does not separate actual climate variability from non-climatic

factors at the level of the rain gauge. In general, this problem can

be solved by comparing target stations with neighboring

reference stations, testing the difference between target

stations and reference stations (Peterson and Easterling, 1994;

Vicente-Serrano et al., 2010). Besides, a target station and its

neighboring stations are expected to respond in the same way to

climatic variations. This approach may detect smaller non-

climatic issues hidden by the region’s large climatic variability.

Therefore, the radius of influence was increased to 86 km relative

to the target station. The average of a maximum of five nearest

neighboring stations within this radius was used to create the

reference series.

The four homogeneity tests were applied in the difference

between target stations and reference stations of a set of variables

at the annual time scale calculated from daily precipitation data.

The same approach was also computed for the rainy and dry

seasons, as suggested by Hänsel et al. (2016). Table 1 presented a

total of 11 extreme precipitation indices, creating a uniform

perspective on observed changes in weather and climate

extremes. They are coming from WMO (WMO; Klein Tank

et al., 2009) and the European Climate Assessment and Dataset

(ECA and D, 2013). The extreme precipitation indices were

adapted for the study region following Hänsel et al. (2016).

Non-climatic factors could produce inhomogeneity in the

volume, frequency, and intensity of rainy days; therefore, the

homogeneity needs to be tested (Viney and Bates, 2004; Vicente-

Serrano et al., 2010). The wet day counts series quickly detects

breaks rather than annual precipitation amounts because the day

count variables have lower variability (Wijngaard et al., 2003;

Vicente-Serrano et al., 2010). Thus, the key indices used for the

homogeneity analysis were RR, RX, DD, and DPX (see Table 1

for definitions). An issue encountered in precipitation data is the

under-reporting of small amounts, which may have little

influence on RR but may affect DD and other extreme

indices. It is unnecessary to apply the homogeneity analysis to

all indices described in Table 1 because it is unlikely, for example,

that the R50 will provide any additional information to the

R20 and R30.

The approach adopted byWijngaard et al. (2003) and Hänsel

et al. (2016) was employed for the analysis of the homogeneity of

the precipitation series, depending on the number of tests

rejecting the null hypothesis of a homogeneous dataset for a

significance level of 1%. Therefore, the four tests were condensed

into three classes, i.e., “useful” (U), “doubtful” (D), and “suspect”

(S), which are:

Class U: none or one test rejects the null hypothesis at the 1%

level. It implies no indications of inhomogeneity, and the

series seems to be sufficiently homogeneous for climate trend

evaluations.

Class D: two tests reject the null hypothesis at the 1% level. It

implies indications of inhomogeneity, and the trend analysis

should be regarded very carefully and critically.

Class S: three or four tests reject the null hypothesis at the 1%

level. It implies that the signal of inhomogeneity is present,

exceeding the inter-annual standard deviation of the tested

variable series. The trend analysis should not be used.

The homogeneity results and the evaluation of the target

station’s series usefulness were combined, taking a similar

approach applied by Hänsel et al. (2016). Hence, we used the

RR, RX, DD, and DPX indices for annual time scales and rainy

and dry seasons, resulting in a total of twelve series per target
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station. The aim was to integrate homogeneity with trend

analysis to understand changes in the climate indices.

Therefore, if at least nine of the twelve series were classified

as class U, and the other three series were not all classified as S, in

the homogeneity analysis, the target station was classified as class

“1-useful” (1U). When five indices were classified as class U, the

target station was regarded as class “1-doubtful” (1D). Lastly,

when less than five variables were classified as class U, the target

station was sorted as class “1-suspect” (1S).

The trend analysis of all climate indices was executed using

the Mann-Kendall test (Kendall, 1975) and the Sen’s Slope

Estimator test (Sen, 1968) for annual time scales and rainy

and dry seasons. The null hypothesis of the Mann-Kendal test

is that the variables are independent and identically distributed,

and the alternative hypothesis is that the variables follow a

monotonic trend. In this way, Sen’s Slope Estimator is a non-

parametric statistical test used to calculate the magnitude of the

slope of a trend (i.e., the linear rate change) and the

corresponding intercept for univariate time series. Thus, the

trend is assumed to be Y(t) � Qt + B (Gilbert, 1987). For

further details about the trend tests, see Kendall (1975) and

Gilbert (1987).

3 Results and discussion

In Section 2.2, we describe the missing data filled method. In

that case, the dry season presented approximately 88% of the

missing data before the target stations were reconstructed.

Subsequently, the quality control was performed using the

approach based on comparisons of daily data among the

surrounding stations. The quality control showed that, on

average, 0.92% of data were replaced, ranging from 0.17% to

2.04%. These replacements corresponded, on average, 64.64% of

false zeros. These percentages are similar to those reported in

other studies (Reek et al., 1992; Feng et al., 2004; Vicente-Serrano

et al., 2010). After the target stations were reconstructed, on

average, 81.5% of the replaced values were found in the rainy

season. These above results suggest a good gap-filling

performance. They highlight that the dry season in the Ceará

is extremely dry (Supplementary Figure S1). This fact may

contribute to the low erroneous or questionable records

entered during the gap-filling and quality control processes.

Moreover, the replaced values on average are well distributed

over the days of the week.

The relationship between the skewness and kurtosis of the

precipitation series before and after the quality control process of

the target stations is showed in Figure 2. The linear behavior was

mainly highlighted for the 90th and 95th percentiles values,

showing an optimal coefficient of determination (R2). The

99th percentile showed a good fit between the skewness and

kurtosis of the precipitation series before and after quality

control, slightly affecting the extreme precipitation values. The

relationship between the skewness and kurtosis of the

precipitation series before and after the quality control process

of the target stations also was analyzed for the dry days (1st, 5th,

and 10th percentiles). The results of this linear relationship

showed an R2 for the 1st, 5th, and 10th percentiles above 0.9

(Supplementary Figure S2 in the supporting information). These

results provide evidence that the quality control process did not

significantly affect the statistical characteristic of extreme

moderate and heavy precipitation and dry days, except for

some target stations that showed a difference from the

surrounding series for the 99th percentile.

3.1 Homogeneity analysis

Homogeneity tests were applied for the 1008 series, so the

percentage of testing series that presented at least one significant

TABLE 1 Description of precipitation indices based on wet and dry days.

ID Index name Index definition Unit

Indices based on wet days

RR Rainfall total Sum of daily precipitation totals mm

RX Highest 1-day precipitation total Maximum value of daily precipitation totals per year mm

R20 Number of very heavy precipitation days I Count of days with rainfall ≥ 20 mm Days

R30 Number of very heavy precipitation days II Count of days with rainfall ≥ 30 mm Days

R50 Number of very heavy precipitation days III Count of days with rainfall ≥ 50 mm Days

N95 Very wet days Count of days with precipitation ≥ 95th percentile %

N99 Extremely wet days Count of days with precipitation ≥ 99th percentile %

Indices related to dry days

DD Dry days Count of days with precipitation < 1 mm Days

LRD Low rain days Count of days with precipitation < 3 mm Days

DP Dry periods Average duration of dry periods (sequence of DD) Days

DPX Longest dry periods Maximum duration of dry periods Days
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break was 26.79%. For the RR, RX, DD, and DPX, the percentage

of series with significant breaks in the homogeneity computation

were 5.06%, 4.17%, 12.9%, and 4.66%, respectively. The result of

the DD presented the highest percentage of break referring to the

number of dry days, followed by the RR related to the

precipitation amounts. The RX and DPX outcome showed the

lowest percentages of break relating to the maximum value of

daily precipitation totals per year and maximum duration of dry

periods, respectively. It seems that the indices associated with the

accumulation of dry and wet days are more sensitive to breaks of

homogeneity than the relating to the maximum value of wet and

dry days.

The percentage of series that presented breaks associated

with the Pettitt, Buishand, Von Neumann tests and the SNHT

were 6.75%, 6.94%, 14.58%, and 15.58%, respectively. Among

the series that presented a significant break, SNHT was

responsible for 58.15%, followed by the Von Neumann test

at 54.44%, the Buishand test at 25.93%, and the Pettitt test at

25.19%. The annual time detected 37.78% of breaks with

significant values concerning the time scale, whereas the

rainy season identified 32.96%, and the dry season

encountered 29.26%. The homogeneity results are influenced

by the variables tested, the homogeneity tests used, and the

significant level (Hänsel et al., 2016). The SNHT and Von

Neumann seemed to quickly find discontinuities in the

series, while the Buishand and Pettitt tests showed similar

percentages. The performance of the tests was consistent

with the literature, such that the SNHT showed the highest

number of breaks at the extremes of the series. In contrast, the

Buishand and Pettitt tests identified the highest number of

breaks in the middle of the series.

Figure 3 shows the percentage of series with break years

related to the SNHT and Pettitt and Buishand tests for the RR,

RX, DD, and DPX, and the percentage of the total breaks.

Figure 3 also shows the El Niño and La Niña events

computed from the Oceanic Niño Index (ONI) (NOAA

2019a, b). The ONI is the running 3-month mean SST

anomaly for the Niño 3.4 region (i.e., 5°N-5°S, 120°-170°W).

The events are defined as five consecutive overlapping 3-

month periods at ≥+0.5 anomaly for El Niño and

at ≤−0.5 anomaly for La Niña. The threshold is further

broken down into weak (0.5–0.9), moderate (1.0–1.4), strong

(1.5–1.9) and very strong (≥2.0) events. The DD and DPX seem

to be more sensitive to a break of homogeneity than the RR and

RX. The break years that showed a higher percentage have

demonstrated good agreement with the La Niña events in

1988–1989 (strong), 1995–1996 (moderate), 1998–2000

(strong), 2007–2008 (strong), and 2008–2009 (weak), as well

as with the El Niño years in 1991–1992 (strong), 1997–1998 (very

strong), and 2009–2010 (moderate) (Figures 3A,C,E). In general,

the years with the highest number of breaks seem to be associated

with La Niña and El Niño conditions with moderate to very

strong intensities. On the other hand, some break years were very

difficult to decide if it was due to climatic factors or if the non-

homogeneity of the series is real, for example, the years 1981,

1990, and 1993. A high number of breaks were found at the

beginning of the series, mainly during 1974–1980, also in

agreement with the La Niña events in 1973–1976 (weak/

FIGURE 2
Relationship between the L-coefficients of skewness (A-C) and kurtosis (D-E) in the partial duration series at the 90th, 95th and 99th percentiles
before and after quality control process from 1974 to 2018. The red dashed line represents the simple linear regression.

Frontiers in Earth Science frontiersin.org07

Silva et al. 10.3389/feart.2022.1071128

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1071128


strong) and El Niño events in 1973–1977 (weak) (Figure 3).

These breaks were related only to the SNHT, which is more

sensitive to breaks at the extremes of the series. Hence, it is

essential to apply different homogeneity tests that are sensitive to

different breaks in a series.

The 1990s presented 45.12% of the homogeneity breaks

statistically significant at a 5% significance level, followed by

the 1970s and 1980s with 26.94% and 13.13%, respectively.

Therefore, the tests presented a few percentages of

inhomogeneous series, and the breaks detected seem to be

related to the La Niña and El Niño events. The connection

between the breaks found in the precipitation indices and El Niño

events over the NEB was found by Haylock et al. (2006) and

Hänsel et al. (2016). This connection could be associated with the

large interannual variability of annual rainfall, particularly in the

El Niño Southern Oscillation (ENSO)-dominated dry regions of

South America (Haylock et al., 2006; Hänsel et al., 2016).

However, the number of breaks decreased after the 1990s,

even though El Niño and La Niña events, suggesting that

these phenomena cannot be entirely responsible for the

breaks. Other phenomena may contribute to the breaks,

including non-climatic factors. Unfortunately, we cannot

further examine the non-climatic breakpoints because the

metadata of rain gauges is unavailable. Nevertheless, almost all

break years occurred similarly in many target stations. According

to Hänsel et al. (2016), the non-climatic alterations are unlikely to

co-occur in many target stations.

Until now, no series had been deleted from the database.

Supplementary Table S1 (in the supporting information) show

the break years identified by the homogeneity tests for the

precipitation indices and the classification of the homogeneity

(useful (U), doubtful (D), and suspect (S)), calculated from the

rain gauges of the state of Ceará, during the annual time scale and

rainy and dry seasons. Besides, it presents a qualitative evaluation

of the usefulness of precipitation, where the series were classified

as 1-useful (1U), 1-doubtful (1D), and 1-suspect (1S). According

to the qualitative criterion of the precipitation usefulness, nine

target stations were classified as 1D, i.e., observatories 12, 17, 18,

FIGURE 3
Percentage of series with break years related to (A) RR, (B) RX, (C) DD, (D) DPX, and (E) Total for the Pettitt test (red line), Standard normal
homogeneity test SNHT (blue line) and Buishand test (green line) from 1974 to 2018. The bluish colors refer to the La Niña (LA) events, and the
yellowish ones refer to the El Niño (EL) events, with weak (w), moderate (m), strong (s), and very strong (v) intensities.
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TABLE 2 Mann-Kendall (τ) and Sen’s slope estimator (Qmed) tests results at the 5% significant level and the percentage of stations with significant trends for the precipitation indices in the annual time scales from
1974 to 2018.

Index Mann-Kendall test significant τ Sen’s slope test significant Qmed Percentage of stations with significant trends

Positive Negative

RR −2.58 — −2.04 −10.05 — −5.29 0.00 12.00

RX −2.63 — 1.97 −0.80 — 0.50 1.33 9.33

R20 −2.90 — −1.96 −0.21 — −0.11 0.00 14.67

R30 −2.67 — −2.04 −0.11 — −0.08 0.00 6.67

R50 −2.99 — −2.05 −0.05 — 0.00 0.00 8.00

N95 −2.76 — −1.99 −0.27 — −0.14 0.00 13.33

N99 −2.52 — −1.97 −0.05 — −0.04 0.00 5.33

DD 1.98 — 3.50 0.28 — 1.00 24.00 0.00

LRD 2.07 — 3.18 0.35 — 0.65 12.00 0.00

DP 1.98 — 3.63 0.02 — 0.12 29.33 0.00

DPX 2.00 — 2.78 1.06 — 1.68 6.67 0.00
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TABLE 3 Mann-Kendall (τ) and Sen’s slope estimator (Qmed) tests results at the 5% significant level and the percentage of stations with significant trends for the precipitation indices in the rainy season from 1974 to
2018.

Index Mann-Kendall test significant τ Sen’s slope test significant Qmed Percentage of stations with significant trends

Positive Negative

RR −2.71 — −1.97 −10.55 — −4.10 0.00 17.33

RX −2.96 — −2.06 −0.83 — −0.40 0.00 9.33

R20 −3.08 — −1.96 −0.21 — −0.11 0.00 22.67

R30 −2.53 — −2.02 −0.12 — −0.06 0.00 10.67

R50 −3.51 — −2.21 −0.06 — 0.00 0.00 5.33

N95 −2.96 — −2.04 −0.27 — −0.14 0.00 14.67

N99 −2.65 — −1.96 −0.05 — −0.04 0.00 6.67

DD 2.19 — 3.50 0.35 — 0.71 16.00 0.00

LRD 2.16 — 3.06 0.28 — 0.50 9.33 0.00

DP 1.99 — 3.57 0.02 — 0.09 24.00 0.00

DPX −2.18 — 2.71 −0.18 — 0.33 4.00 1.33
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TABLE 4 Mann-Kendall (τ) and Sen’s slope estimator (Qmed) tests results at the 5% significant level and the percentage of stations with significant trends for the precipitation indices in the dry season from 1974 to
2018.

Index Mann-Kendall test significant τ Sen’s slope test significant Qmed Percentage of stations with significant trends

Positive Negative

RR −2.04 — 2.39 −0.93 — 0.85 2.67 1.33

RX −2.04 — 2.32 −0.14 — 0.54 4.00 1.33

R20 −3.07 — 2.33 0.00 — 0.00 6.67 2.67

R30 −2.27 — 2.29 0.00 — 0.00 2.67 1.33

R50 −2.34 — 2.96 0.00 — 0.00 1.33 4.00

N95 −1.97 — 2.43 0.00 — 0.00 4.00 1.33

N99 −2.34 — 2.96 0.00 — 0.00 4.00 2.67

DD −3.40 — 3.57 −0.15 — 0.41 10.67 9.33

LRD −2.94 — 3.21 −0.11 — 0.25 8.00 2.67

DP 1.99 — 2.82 0.05 — 0.95 5.33 0.00

DPX 1.97 — 3.02 0.44 — 1.85 12.00 0.00
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21, 29, 34, 51, 73, and 75 (Supplementary Table S1). From what

was discussed earlier, we have decided to remove these nine

target stations from the database. It is preferred to discard some

doubtful stations but hold the remaining high-quality data for

subsequent climatic studies. Therefore, 75 observatories

remained for trend analysis of the extreme precipitation indices.

3.2 Trend analysis

Tables 2–4 (in the supporting information) show the Mann-

Kendall (τ) and Sen’s slope (Qmed) test outcomes at the 5%

significance level and the percentage of stations with significant

trends for the precipitation indices in the annual and seasonal time

scales. The results in the annual time scale showed that a few series

presented a significant and decrease trend in the wet day indices

(Table 2). An accentuated negative magnitude was observed in

the RR, where the slope varied between −10.05 mm/year

and −5.29 mm/year, which may indicate a possible reduction of

precipitation in the state of Ceará. The RX showed slopes

from −0.80 to 0.5 mm/year, while the other variables related to

wet days had slopes between −0.27 and 0. The percentage of

stations with significant trends (in brackets) was more frequent in

the R20 (14.67%), N95 (13.33%), RR (12%), and RX (10.66%)

indices. Note the small number of series that were identified with a

significant trend in variables related to extreme and moderate

rainfall, such as R50 (8%), R30 (6.67%), and N99 (5.33%). These

wet day variables showed mainly significant negative trends

(Table 2).

Results in the annual time scale presented only positive

values in the dry day indices ranging from 0.02 to 1.88, and

magnitudes relatively accentuated in the dry days indices. For

example, the DD varies from 0.28 to 1 day/year, and LRD ranges

from 0.35 to 0.65 days/year (Table 2). The DPX and DP described

the maximum and average duration of the dry days, where the

former ranged from 1.06 to 1.68 days/year, and the latter varied

from 0.02 to 0.12 days/year. Furthermore, the magnitude of the

trends associated with the maximum duration of the dry days is

FIGURE 4
LOWESS curve (red line) and linear regression (blue line) related to (A) RR, (B) RX, (C) R20, (D) R30, (E) R50, (F) N95, (G) N99, (H) DD, (I) LRD, (J)
DP and (K) DPX of target stations during the annual period from 1974 to 2018. The number refers to a slope of linear regression. The * symbol
indicates the slope was significant at the 5% level.
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far more pronounced than in trends related to the average

duration of the dry days. These results may suggest an

increase in dry days and perhaps an increase in their duration

in the annual period. The DP (29.33%), DD (24%), LRD (12%),

and DPX (6.67%) presented the highest percentage of stations

with significant trends (in brackets) in the annual time scale,

bigger than wet day indices (Table 2).

The pattern of results in the rainy season was very similar to

the outcomes in the annual time scale, showing a significant

negative trend in the wet day indices and a significant positive

trend in the dry day indices for all target stations (Tables 2, 3).

The RR slopes ranged from −10.55 to −4.1 mm/year, and the RX

slopes varied from −0.83 to −0.4 mm/year in the stations with

significant trends (Table 3). These results show evidence of a

possible reduction of precipitation during the rainy season of the

Ceará, which agrees with the results that we have previously

discussed. The following indices and the respective percentage of

stations with significant trends (in brackets) were R20 (22.67%),

RR (17.33%), N95 (14.67%), R30 (10.67%), RX (9.33%), N99

(6.67%), and R50 (5.33%) (Table 3).

The percentage of stations that showed a positive and

significant trend for DD in the rainy season was 16%, with

slopes ranging from 0.35 to 0.71 days/year (Table 3). The DP had

slopes varying between 0.02 and 0.09 days/year and happened in

24% of stations with significant trends. The percentage of stations

that exhibited a positive and significant trend for the LRD was

9.33%, with slopes between 0.28 and 0.5 days/year. The DPX

showed positive and negative significant trends in 4% and 1.33%

of the stations, and slopes between −0.18 and 0.33 days/year,

respectively. In general, these finds above were similar to those in

the annual period, except for the DPX (Tables 2, 3).

In the dry season, a few targets stations showed decreasing and

increasing significant trends in the series of the RR andRX (Table 4).

The RR had slopes ranging from −0.93 mm/year to 0.85 mm/year,

and the RX presented slopes varying between −0.14 mm/year and

0.54 mm/year, showing values considerably less than those in the

FIGURE 5
LOWESS curve (red line) and linear regression (blue line) related to (A) RR, (B) RX, (C) R20, (D) R30, (E) R50, (F) N95, (G) N99, (H) DD, (I) LRD, (J)
DP and (K)DPX of target stations during the rainy season from 1974 to 2018. The number refers to a slope of linear regression. The * symbol indicates
the slope was significant at the 5% level.
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annual and rainy time scales (Tables 2, 3). The other wet day indices

also had significant trends, but the slope values were equal to zero.

This result was expected because the dry season in Ceará is

extremely dry. The slopes of the dry day indices varied

from −0.15 to 1.85, presenting similarities to the annual and

rainy periods (Tables 2, 4). Additionally, the percentages of

stations with significant trends were very low for the wet day

indices, ranging from 1.33% to 6.67% for negative and positive

trends. The DD presented 20% of the series with a significant trend,

with 10.67% positive and 9.33% negative. The LRD showed

respectively positive and negative significant trends in 8% and

2.67% of the stations. Finally, the DP and DPX showed 5.33%

and 12% positive trends, respectively (Table 4).

Concerning the sum of all series for all indices, the total

percentage of the series with a significant trend at the 5%

significance level was 11.28%, with 5.58% for negative and

5.7% for positive trends. During the annual period, the

percentage of the series with a significant trend was 12.97%,

and with positive and negative trends was 6.67% and 6.3%,

respectively. During the rainy season, the percentage of the

series with a significant trend was 4.85% for a positive trend

and 8% for a negative trend, totaling 12.85% of the series.

Similarly, the total percentage of the series with a significant

trend was 8% during the dry season. The percentage of the series

with a positive and a negative was 5.58% and 2.42%, respectively.

Figure 4 shows the Locally Weighted Scatterplot Smoothing

(LOWESS) regression curves and the linear regression of the

average of precipitation indices for the annual time scales. The

LOWESS regression reduces the local fluctuations in the series and

identifies patterns over time (Taxak et al., 2014). A pattern change

was verified in the LOWESS curve in the middle of the series

mainly between the 1980s and 1990s, highlighting the RX, DP and

DPX (Figures 4B,J,K). Although the result did not show a

statistically significant, a slight decrease trend was observed in

the linear regression for the wet day indices and a slight increase

trend for the dry day indices. Figure 5 presents LOWESS regression

curves and the linear regression of the average of precipitation

indices for the rainy season. It can be seen that the rainy season has

FIGURE 6
LOWESS curve (red line) and linear regression (blue line) related to (A) RR, (B) RX, (C) R20, (D) R30, (E) R50, (F) N95, (G) N99, (H) DD, (I) LRD, (J)
DP and (K) DPX of target stations during the dry season from 1974 to 2018. The number refers to a slope of linear regression. The * symbol indicates
the slope was significant at the 5% level.
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followed similar patterns of changes and trends to the annual

period (Figure 4), except for the DPX (Figure 5K). This result may

indicate a possible reduction of rainfall and an increase in drought

in the Ceará during the annual and rainy periods. Furthermore, this

outcome agrees with the founding in Tables 2, 3.

Figure 6 show the LOWESS regression curves and the linear

regression of the average of precipitation indices for the dry

season. A pattern change was verified in the LOWESS curve in

the middle of the series, mainly between the 1980s and 1990s.

The wet day indices based on a threshold did not show a trend

(Figures 6C–G). Although the result was not statistically

significant, a slight decrease trend was observed in the RR and

a slight increasing trend in the RX (Figures 6A,B). The DD and

LRD did not show a trend (Figures 6H,I), whereas the DP and

DPX present a slight increase trend (Figures 6J,K). This result

may indicate a possible increase of drouth duration in the Ceará

during the dry season.

The changes pattern mainly in the 1980s and 1990s (Figures

4–6) coincide with significant break years found in the

homogeneity analysis and with La Niña and El Niño events

discussed earlier (Figure 3). Besides, the drought years in these

decades were severe and caused significant socioeconomic

problems in the NEB, especially in the 1990s. According to

Marengo and Bernasconi (2015) and Marengo et al. (2017), a

drought affected the NEB in 1986–1987, but with less intensity.

In 1993, a very severe drought was connected at least partially to

the unusual ENSO conditions. In 1997–1998, a drought severely

affected crop production in the region and treated the local food

supply. A drought began in 2012, reaching its highest intensity in

2012–2013 and continuing to a lesser degree in 2015.

The spatial distribution of the direction and magnitude of the

trend by the Mann-Kendall and Sen’s tests for the precipitation

indices during the annual and seasonal time scales are shown in

Figure 7. Almost all target stations showed a decreasing trend

related to the wet day indices during annual and rainy periods.

The spatial distribution was similar for the RR, RX, R20, R30,

R50, N95, and N99 during the annual time scale and rainy

season. (Figures 7A–G). Most of the significant trends showed a

FIGURE 7
Spatial distribution related to (A) RR, (B) RX, (C) R20, (D) R30, (E) R50, (F) N95, (G)N99, (H)DD, (I) LRD, (J)DP and (K) DPX of target stations with
the increasing (blue), decreasing (red) of the trends by the Mann-Kendall test andmagnitude by the Sen test during the annual period (AN - left), rainy
season (RS - center) and dry season (DS - right) from 1974 to 2018. Full triangles correspond to trends with statistical significance at the 5% level.
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decrease in precipitation indices distributed in the northwestern,

central-eastern, and southern regions of Ceará. Additionally,

higher values of magnitudes were found in the RR related to

the annual and rainy periods, suggesting a reduction of the

annual cumulative precipitation mainly in the southeast sector

of the Ceará. At least one station showed a decreasing trend for

the wet day indices in the dry season in the northern,

northeastern and central regions. During the dry season, a few

cases in the northwestern region saw increasing and significant

trends for the RR, RX, R20, R30, and N95. Furthermore,

increasing and significant trends were observed for the RX,

R20, R30, R50, and N99 in the southern sector.

The dry day indices showed the most increased trends during

the annual and rainy periods (Figures 7H–K). Significant

increase trends were observed in the central-northern,

southern, and central-eastern regions for the DD and DP

during the annual time scale and rainy season. Additionally,

significant increase (decrease) trends were identified in the DD in

the northern, northwestern, central-north, and southern

(northern, northwestern, and southeastern) regions during the

dry season. The DP presented only significant and increasing

trends during the dry season for target stations located in the

northern and southern sectors of the state. The LRD exhibited

significant and increasing trends in the northern, southern, and

central-eastern regions during the annual time scale and in the

southern and central-eastern during the rainy season.

Furthermore, the LRD showed significant increase (decrease)

trends in the northwestern, northern, and southern (northern

and southeastern) sectors during the dry season. The DPX

presented significant increase trends during the annual period,

and rainy and dry seasons, for target stations located in the

northern, northwestern, and southeastern regions. For this index,

the only exception was a significant decrease trend in the target

station number 6 located in the north of the Ceará during the

rainy season (Figure 7K). Besides that, the DPX showed the

highest trend magnitudes compared to the other dry indices.

A high number of target stations showed significant and

decreasing trends regarding the wet day indices in the central-

eastern, northwest, and southern regions of Ceará during the

annual period and rainy season. Besides that, most of the

significant trends showed decrease conditions concerning the wet

day indices in the Ceará. The dry day indices showed a high

concentration of significant and increasing trends in the stations

in the same regions cited above during annual and seasonal time

scales. Some studies have suggested a decrease in precipitation and an

increase in the number of dry days in the NEB (Marengo and

Bernasconi, 2015; Marengo et al., 2017, 2018; Brito et al., 2018).

According to Marengo et al. (2017), there is a prospect of an increase

in rainfall reductions, frequency and length of dry spells, and droughts

in future climates in NEB. Skansi et al. (2013) identified significant

and decreasing trends in the dry day indices inNEB, and its results did

not present significant trends for the wet day indices. However, none

of the weather stations analyzed is located in the Ceará. Furthermore,

they assessed the period from 1969 to 2009, which may contribute to

these results. Guerreiro et al. (2013) confirm our results, identifying a

decreasing trend in precipitation and their intensity in the Ceará and

showing that the dry months become dryer. Costa et al. (2020) also

agree with our findings, verifying that precipitation variable trends

over the NEB showed significant and increasing trends concerning

the dry day indices in most weather stations in Ceará. Oliveira et al.

(2014) found that LaNiña and El Niño occurrences modulated heavy

rainfall events. In general, they showed a negative trend for the

FIGURE 8
Percentage of target stations (inside the squares) with the average of the Pearson correlation coefficients at the 5% significant level between
precipitation indices during the (A) annual period, (B) rainy season and (C) dry season from 1974 to 2018.
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number of extreme events in the NEB. The results described above

could indicate a decline in the rainfall regime in the state of Ceará,

mainly in the central-eastern, northwestern, and southern regions,

concerning the spatial distribution of target stations with significant

trends.

3.3 Correlation analysis

The percentage of target stations with the average of the Pearson

correlation coefficients at the 5% significance level between

precipitation indices during all periods is shown in Figure 8. The

correlation coefficients between the dry day indices and the wet day

indices were negative, evidencing the linear inverse relationship

between these two weather conditions. The correlation coefficients

between just the dry day indices and between just the wet day indices

were all positive, during the annual period (Figure 8A). A strong and

positive correlation was verified between the RR and the other wet

day indices, except the RX.Moreover, the correlation between the RR

and the dry day indices was strong and negative, mainly with DD,

LRD, and DP. Unlike the other indices, the RX and DPX exhibited a

weak correlation with almost all indices (Figure 8A). The DPX

presented a positive and moderate significant correlation with DD

and DP. In general, the percentage of stations with a significant

correlation for the DPX was small (Figure 8A).

The percentage of target stations with the average of the Pearson

correlation coefficients during the rainy season is presented in

Figure 8B. Almost all the RR series showed a strong correlation

with precipitation indices in the rainy season, except with the RX. In

general, a high percentage of the series was significant during the rainy

season and the wet day variables were moderately or strongly

correlated with the other indices (Figure 8B). Besides, the

correlation coefficients between the dry day indices and between

the wet day indices were all positive. In contrast, the correlation

coefficients between the dry day indices and the wet day indices were

negative. The precipitation indices also seem to cause changes in the

RR possibly but do not seem to influence the RX during the rainy

season. In turn, the RX exhibited a moderate and negative correlation

with the DD and LRD. The DPX presented moderate and negative

correlations with RR, R20, andN95 andweak and negative (moderate

and positive) correlationswithRX, R30, R50, andN99 (DD, LRD, and

DP). On the whole, the wet day variables associated with a threshold

value were moderately or strongly correlated with the other indices,

where a high percentage of the series was significant.

The positive correlation between the wet variables was

generally moderate and strong during the dry season

(Figure 8C), just as happened during the annual and rainy

periods (Figures 8A, B). Besides, the correlation coefficients

between the wet day indices and the dry day indices were

negative, except between the wet day variables and positive

DPX. The correlation coefficients between the dry day indices

and the wet day indices were strong and positive. The DPX

exhibited a weak and positive correlation with the DD and a weak

and negative correlation with the LRD. Finally, the wet day

variables were moderately or strongly correlated with the

other indices on the whole (Figure 8C).

The strong and significant correlation coefficients between the

RR and the other indices reflect the changes in total precipitation

over Ceará, observed in the high magnitude and significant

decreasing trends in the RR, as shown in Figure 7A and Tables

2–4 (in support information). Hence, the RR could be used to

characterize the rainfall regime in the Ceará. Moreover, the RX

corresponds to a single day of the year when precipitation is the

maximum value, showing low correlation coefficient values between

the RX and the other indices. This outcome indicates that the

precipitation associated with the RX was either atypical or

corresponds to an outlier. The percentages of target stations with

significant correlation coefficients for the RX were high, suggesting

that the corresponding precipitation events were atypical and

therefore did not produce a linear relationship with the other

indices. Thus, the RX could describe the atypical heavy rainfall

regime in the Ceará. In turn, the DP corresponds to the average of

dry period duration of the year. During the rainy season, the DP

presented a significant relationship with indices related to moderate

precipitation, which could be used to characterize drought regimes

within the rainy season in the Ceará.

4 Conclusion

The homogeneity and trend of eleven precipitation indices were

investigated in the state of Ceará during the annual and seasonal

time scales from 1974 to 2018. The precipitation indices were

calculated from a database with 84 rain gauges after gap-filling of

missing data and a rigorous process of quality control. The

homogeneity evaluation was performed by the standard normal

homogeneity test (SNHT) for a single break, the Buishand range test,

the Pettitt test, and the Von Neumann ratio test. The series were

classified as “useful,” “doubtful,” and “suspect” based on the number

of homogeneity tests that reject the null hypothesis for a significance

level of 1%. Besides, a qualitative interpretation of the

homogenization of precipitation series was also performed. The

trend analysis was carried out through the non-parametric Mann-

Kendall and Sen’s methods. The Pearson correlation coefficients

between the precipitation indices were also examined. Therefore, the

main conclusions of this study can be summarized as follows:

• Most precipitation series were statistically classified as

“useful.” The break years were quite similar regarding the

time scale. We highlight that many of the break years in the

precipitation series coincided with the El Niño and La Niña

events. Therefore, the analysis of homogeneity combined with

the quality control process carried out in this paper could

improve the quality and reinforce the credibility of the dataset.

• There are significant trends in all precipitation indices

towards annual and seasonal periods in the state of Ceará.
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The wet day indices and dry day indices showed

predominately decreasing and increasing trends,

respectively. These findings, especially during the annual

and rainy periods, suggest a reduction in rainfall and an

increase in dry days. Concerning the spatial distribution of the

trend, all regions of the Ceará showed more than one variable

with a significant trend, except the central-west sector,

possibly because the density of stations is low in this region.

• A changing pattern is observed on the LOWESS curve in

almost all series during the 1980s and 1990s, coinciding

with the break years of the homogeneity carried out by

tests. These outcomes agree well with El Niño and La Niña

events and may indicate a decline in the rainfall regime in

the state of Ceará. These periods also coincide with years of

severe drought that strongly hit the NEB.

• Almost all precipitation indices seemed to induce changes in

the RR, as noted in the strong and significant correlation

coefficients between this index and other variables, affecting

possibly the magnitude values of the decreasing trend of the

RR. The correlation coefficients between the RX and DPX

and the other indices were almost null. The correlation

coefficients between the DP and the other indices were

moderate and strong in the annual period and rainy

season. Thus, RR can be used to characterize the rainfall

regime in the Ceará. The DP can indicate the average

drought duration in the annual period and rainy season.

The RX can describe a typical heavy rainfall in a single day.

The 45-year time series of a daily dataset from 75 rain gauges of

the state of Ceará generated in the study is a source of consistent and

quality data that can be the basis for the most diverse studies on the

weather and climate in the NEB semi-arid. Future studies from this

database can impact several sectors, such as water resources,

agriculture, health, and others. The results of this research can

mainly contribute to a greater understanding of the seasonal and

annual variability in precipitation regimes of the Ceará. As a

concluding remark, we suggest further studies to deeply examine

the association between the precipitation indices and the climate

patterns that influence the weather and climate in this region.
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