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Abstract: In this work, we analyze the regularity of monthly rainfall temporal series during the
period 1953 to 2012, recorded at 133 gauging stations in the state of Pernambuco, northeastern Brazil.
We use sample entropy method (SampEn), which is suitable for short and noisy data and recently
attracted the attention of hydrologists as promising for rainfall studies. By comparing the SampEn
values of the analyzed series, we find that for both the original and deseasonalized series entropy
increases (regularity decreases) in the west–east direction from the inland Sertão region towards
the coastal Zona da Mata. SampEn values for the semiarid Sertão region are significantly different
from the humid coastal Zona da Mata and subhumid transition Agreste regions. By comparing two
30 year subperiods (1953–1982 and 1983–2012), we found that in the second period, the rainfall
amount decreases in Sertão and Agreste, and increases in Zona de Mata, and that the Agreste and
Zona da Mata regions become more similar in respect to the regularity of rainfall dynamics. In the
second subperiod, the rainfall regime changes the most in Zona da Mata (both original and anomalies
series show a significant difference in SampEn values). By analyzing time dependent SampEn, we
identified several periods of increasing entropy, which are related to specific climatic phenomena
such as subsequent El Niño and La Niña episodes. This work represents a contribution to establishing
the use of information theory-based methods in climatological studies.

Keywords: rainfall; sample entropy; time series regularity

1. Introduction

The changes in rainfall patterns in the tropics can cause extreme conditions such as
droughts and floods that severely affect human life, food and water security, infrastructure,
biodiversity, and ecosystems health [1–4]. The semiarid region of northeastern Brazil
(NEB) (which includes the larger area of the states of Piauí, Ceará, Rio Grande do Norte,
Paraíba, Pernambuco, Alagoas, Sergipe, and Bahia), with an area of nearly 1,000,000 km2

(12% of Brazilian territory) and more than 27 million inhabitants, is one of the world’s
most densely populous dryland regions. The population relies strongly on agriculture,
livestock, and forestry production for subsistence and, therefore, is extremely vulnerable
to climate changes [5]. Inter-annual climate variability in NEB is rather pronounced, and
both global and regional climate change models suggest that the region will be affected
by further rain deficits and increased aridity in the second half of the 21st century [6]. The
rainfall pattern over NEB is highly seasonal, due to the influence of the Atlantic intertropical
convergence zone (ITCZ) and South American monsoon system (SAMS). In most of NEB,
the rainy season is from February to April, with severe droughts and floods that are related
to the El Niño—Southern Oscillation (ENSO) in the equatorial Indo–Pacific Ocean, and
the meridional sea surface temperature gradient (MGRAD) over the tropical Atlantic.
Decreased rainfall is observed during positive El Niño phase of ENSO and negative phase

Sustainability 2022, 14, 13467. https://doi.org/10.3390/su142013467 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su142013467
https://doi.org/10.3390/su142013467
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-8759-0036
https://orcid.org/0000-0001-7253-806X
https://orcid.org/0000-0001-8740-366X
https://orcid.org/0000-0001-5031-6968
https://orcid.org/0000-0002-5691-945X
https://doi.org/10.3390/su142013467
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su142013467?type=check_update&version=1


Sustainability 2022, 14, 13467 2 of 16

of MGRAD, while during the negative La Niña phase of ENSO and positive phase of
MGRAD, the precipitation rate is above the average [7]. In ENSO years in which Atlantic
Sea surface temperature (SST) anomalies are such that they amplify the direct impact of
ENSO, NEB can be affected by prolonged drought periods [8], which can cause serious
economic, social, and environmental consequences [5].

Rainfall is one of the most important variables used in climate change studies [9,10].
Long-term variability of temperature and precipitation is extensively studied at both global
and local scale [11,12], including Brazilian data [13–15]. On the other hand, most of the
literature on spatial and temporal distribution of rainfall in NEB focuses on the interior dry
region [16–18], while less is known about rainfall patterns of the eastern and southern parts
of the region [19–21].

Over the last decades, novel concepts and methods from complex system science
have been increasingly used to assess the degree of nonlinearity and overall complexity
of rainfall dynamics. Such methods include chaos theory [22,23], fractal and multifractal
analysis [24–26], information measures [27,28], and complex networks [29–31]. While
fractal, multifractal, and complex network methods were extensively used to analyze the
temporal and spatial variability of rainfall, far less is known about the properties of rainfall
dynamics that can be detected by methods based on information theory. Various entropy
measures were used to describe irregularity and rate of information flow in hydrological
data, and proved useful to access changes caused by natural and human factors [32–34].
Sample entropy (SampEn) measures the time series regularity by counting similar patterns
within a certain tolerance level and calculating the conditional probability that two similar
sequences of m points remain similar at the next point m + 1, where self-matches are
not included [35]. Originally developed for physiological applications, SampEn does not
require any previous knowledge about the source generating the dataset, and is robust
to noise and time series length, which facilitates its applicability in a wide variety of
research fields [36]. Recently, the SampEn method was successfully applied in rainfall
studies providing new information about the complexity of rainfall dynamics and its
spatiotemporal variability [37–40].

In this work, we contribute to a better understanding of the spatiotemporal rainfall
distribution in the Brazilian northeast, specifically the state of Pernambuco, a large part
of which (about 70%) is in the semiarid region known as “Drought Polygon” (Polígono das
Secas), being extremely vulnerable to rainfall seasonal and interannual variability. We use
the SampEn method to analyze monthly time series recorded at 133 pluviometric stations
during the period 1953 to 2012, and analyze the spatial distribution of entropy values to
compare rainfall regimes among different climate zones. We also compare SampEn values
for two 30 year subperiods (1953–1982 and 1983–2912), and we perform a time-dependent
analysis (in sliding windows of 10 years) that provides more detailed information about
the rainfall temporal regularity and relation to large scale climatic phenomena.

2. Materials and Methods
2.1. Study Area and Dataset

The state of Pernambuco is located in the eastern part of the northeast of Brazil, be-
tween the parallels 7◦15′45′ ′ S and 9◦28′18′ ′ S and meridians 34◦48′33′ ′ W and 41◦19′54′ ′ W.
It is bordered by the states of Alagoas and Bahia (south), Piaui (west), Paraiba and Ceará
(north), and the Atlantic Ocean to the east. The humid Atlantic Forest zone (Zona da Mata)
stretches about 70 km from the sea to the Borborema mountain chain, while the semiarid
region (Sertão) is located to the west of the Borborema chain, and the sub-humid transition
zone (Agreste) is located between the Zona da Mata and Sertão. In the coastal area, the climate
is humid tropical with the strong east to west rainfall gradient (from 1500 to 700 mm), with
the rainy season between May and July and the intense dry season between September and
December. In the Sertão region, the climate is semiarid with around 500 mm or less of total
annual rainfall. The rainy season is short, concentrated from February to April, and the
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dry period lasts nine months [41]. Due to climate variability, Pernambuco experiences both
recurrent droughts in Sertão, and floods in the coastal region.

The data used in this work are historical series of monthly rainfall for the state of
Pernambuco, Brazil, recorded at 133 meteorological stations during the period 1953 to 2012.
The data are provided by the Meteorological Laboratory of the Institute of Technology
of Pernambuco (Laboratório de Meteorologia do Instituto de Tecnologia de Pernambuco—
LAMEP/ITEP) [42]. The spatial distribution of the ITEP weather stations is shown in Figure 1.
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Figure 1. Geographical location of the state of Pernambuco, Brazil, and the spatial distribution of
the ITEP weather stations. Red circles show the locations of three representative stations in Zona de
Mata (São Lourenço da Mata, lat = −8.00, lon = −35.04) Agreste (Altinho, lat = −8.49, lon = −36.06),
and Sertão (Santa Maria da Boa Vista, lat = −8.42, lon = −39.95) region.

2.2. Sample Entropy (SampEn)

Sample entropy (SampEn) was introduced by Richman and Moorman [35] as a mea-
sure of the rate of generation of new information in temporal series. For time series of
length N SampEn(m, r, N) is defined as the negative natural logarithm of the conditional
probability that two sequences that are similar for m points (within tolerance level r) remain
similar at the next point, where probability calculation does not include self-matches. Thus,
the time series that contains more frequent and more similar sequences is more regular
and displays lower values of SampEn. Sample entropy method is used in data analysis
in physiology [43,44], geophysics [45], hydrology [28,32,37,38], engineering [46], and fi-
nances [47,48]. The algorithm that calculates sample entropy consists of the following
steps [35]:

(i) For a time series of length N, u(i), i = 1, . . . , N, we form N−m+ 1 m—dimensional
template vectors xm(i) = {u(i + k) : k = 0, . . . , m− 1}, i = 1, . . . , N −m + 1;

(ii) The distance between vectors xm(i) and xm(j) is defined as a maximum difference
of their corresponding scalar components:

d[xm(i), xm(j)] = max{|u(i + k)− u(j + k)| : k = 0, . . . , m− 1}

(iii) We count the number Bi of vectors xm(j), such that d[xm(i), xm(j)] ≤ rσ, where r
is a tolerance level of accepting matches, σ is the standard deviation of u(i), i = 1, . . . , N),
and j 6= i to exclude self-matches. If the original data are normalized by dividing by σ, the
similarity criterion becomes d[xm(i), xm(j)] ≤ r, as implemented in the current work;

(iv) We define

Bm
i (r) =

Bi
N −m + 1

and Bm(r) =
∑N−m

i=1 Bm
i (r)

N −m

where Bm
i (r) is the probability that two vectors will match for m points;
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(v) We repeat steps (i)–(iv) for vectors of length m + 1 and define

Am
i (r) =

Ai
N −m + 1

and Am(r) =
∑N−m

i=1 Am
i (r)

N −m

where Ai is a number of vectors xm+1(j) that are similar (within r) to xm+1(i) and Am(r) is
the probability that two vectors will match for m + 1 points;

(vi) Sample entropy (SampEn) is defined as

SampEn(m, r, N) = lim
N→∞

[
−ln

Am(r)
Bm(r)

]
that is estimated by the statistics

SampEn(m, r, N) = −ln
Am(r)
Bm(r)

2.3. Time-Dependent SampEn

For a time series x1, . . . , xN , the sliding window is defined as Xt = xt, xt+1, . . . , xt+w−1,
where w ≤ N is the window size and t = 1, 2, . . . N − w. Values of the time series in each
window Xt are used to calculate the SampEn (m,r,w) at a given time t, which provides the
quantification of irregularity in the series as a function of time.

3. Results and Discussions

We analyze the original and the deseasonalized (anomalies) rainfall series for all
133 pluviometric stations. The rainfall anomalies are calculated as:

X(t) =
x(t)− µt

σt

where µt is the mean monthly rainfall calculated for each calendar month by averaging
over all the years in the record, and σt is the standard deviation of x(t), also calculated
for each calendar month. The original and the anomalies series for three stations from
Zona da Mata, Agreste, and Sertão are shown in Figure 2. The parameters used for SampEn
calculation are m = 2 and r = 0.2, as recommended in [35], and is used in most applications.

3.1. Spatio-Temporal Exploratory Data Analysis

The spatial distribution of mean annual accumulated rainfall over the entire state
is shown in Figure 3, where it is seen that the amount of annual rainfall decreases in an
east–west direction: more rainfall in the coastal Zona da Mata region, much less rain in
the inland semiarid Sertão region, and an intermediate rainfall amount in the transition
Agreste region. A similar pattern is observed for the rainfall original series for the three
representative stations in Figure 2a. Anomalies series (Figure 2b) show different behavior,
with higher anomalies values in Sertão than in Zona da Mata, reflecting the difference in
rainfall regime in these two regions: in Sertão dry and wet periods are well-defined and
more pronounced than in Zona da Mata, for which rainfall is more uniformly distributed
throughout the analyzed period.
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3.2. SampEn (1953–2012)

The spatial distribution of the SampEn values for the original series and anomalies
across the state of Pernambuco, obtained by interpolation of SampEn results for all 133 sta-
tions, are shown in Figure 4, where we observe the following pattern: (i) due to strong
seasonality, the original series are more regular and show lower entropy values than anoma-
lies series where the seasonality is removed; (ii) for both, original series and anomalies
entropy increases (regularity decreases) in the west–east direction from the inland Sertão
region (with semiarid climate and well-defined wet and dry yearly period) towards the
coastal Zona da Mata (with humid climate, and more irregularly distributed rain throughout
a year).
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In order to assess the difference in entropy values between each of the regions, we
construct boxplots of SampEn (Figure 5) and perform the Wilcoxon–Mann–Whitney test [49]
at the 5% significance level. For original series, there is a significant difference between
Sertão and Agreste, and between Sertão and Zona da Mata, while for anomalies series, a
significant difference is found only between the Sertão and Agreste stations.
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3.3. SampEn: Comparing Subperiods of 1953–1982 and 1983–2012

In order to investigate whether the rainfall regularity has changed over the analyzed
period, we calculate the SampEn values of the original and anomalies series for two 30 year
subperiods: 1953–1982 and 1983–2012. The mean yearly accumulated rainfall for these
subperiods is shown in Figure 6, where it is observed that in the second period, rainfall
amount decreases in Sertão and Agreste, and increases in Zona de Mata. This is the result
of ongoing climate changes, and it is expected that these changes in tropical rainfall will
continue through the effects on both atmospheric moisture and circulation, in such a way as
to reduce precipitation and increase evaporation in already dry regions, so that they become
even dryer, and causing the opposite effects in already wet regions, that become wetter [1].
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interpolated over the state of Pernambuco.

The spatial distribution of SampEn values for two subperiods (interpolated from the
results of all 133 stations) is shown in Figure 7. By looking at the color code, we can observe
that for original series, the entropy of rainfall series in Zona da Mata increases in the second
period, indicating more irregular rainfall dynamics in the coastal region. For anomalies
series, an increase in entropy is observed for Zona da Mata and Agreste, while in the eastern
part of Sertão, we observe a decrease in entropy. This finding is confirmed in Figure 8, which
shows the difference in SampEn for original and anomalies series for the two subperiods.
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Figure 8. Spatial distribution of the difference of SampEn for original and anomalies series for two
subperiods: 1953–1982 and 1983–2012.

In order to assess the difference in entropy values between the regions with respect to
the two subperiods, we construct boxplots of SampEn between each of the regions for the
first and the second subperiod (Figure 9), and for each region considering two subperiods
(Figure 10), and we perform the Wilcoxon–Mann–Whitney test [49] at the 5% significance
level. It is seen from Figure 9 that the test results for the original series indicate that there
is a significant difference between all regions in the first subperiod, while in the second
subperiod, the difference does not remain for Agreste and Zona da Mata, confirming what
is observed in Figure 7 (by analyzing color code). For the anomalies series, the same
observation stands for the second subperiod, while for the first subperiod no significant
difference is found among regions. These results indicate that in the second subperiod, the
Agreste and Zona da Mata regions become more similar with respect to the regularity of
rainfall dynamics. A comparison of SampEn values for each region for the two subperiods
(Figure 10) indicates that the rainfall regime changes the most in Zona da Mata (both original
and anomalies series show significant difference in SampEn values), while in Sertão a
significant difference between two periods is found for the original series, and in Agreste
for the anomalies series.
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Figure 10. Boxplots for SampEn for original and anomalies series for Sertão, Agreste, and Zona de
Mata (comparing two subperiods: 1953–1982 and 1983–2012.) Symbol “*” indicates that there is a
significant difference between the regions at the 5% significance level and “ns” means not significant.

In the next step of our analysis, we calculate SampEn values for sliding windows of
120 months, with a sliding step of 1 month, using m = 2 and r = 0.2. The time evolution of
these values for the original series and anomalies for three representative stations is shown
by the blue lines in Figures 11 and 12, respectively.
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Figure 11. Temporal evolution of SampEn for original rainfall series for three representative stations
in Zona da Mata, Agreste, and Sertão. Significant correlation, (r), p < 0.05, between SampEn (blue line)
and mean annual anomaly (magenta line). The windows are presented with their midpoint. The
vertical lines indicate midpoint of the end of the first time period (12/1977) and the midpoint of the
beginning of the second time period (12/1987).
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Figure 12. Temporal evolution of SampEn (blue line) for anomaly series for three representative
stations in Zona da Mata, Agreste, and Sertão regions. Significant correlation, (r), p < 0.05, between
SampEn (blue line) and mean annual anomaly (magenta line). The windows are presented with their
midpoint. The vertical lines indicate midpoint of the end of the first time period (12/1977) and the
midpoint of the beginning of second time period (12/1987).

The windows are represented by their midpoints, and the vertical dotted lines indicate
the midpoint of the last window in the first period (1963–1987), and the midpoint of the first
window of the second period (1988–2012). We observe that due to rainfall seasonality, the
original series show lower entropy values (higher regularity) than the anomalies series in
which seasonality is removed. We also identify several periods of increasing entropy, which
are related to specific climatic phenomena: strong or moderate El Niño episodes succeeded
by strong or moderate La Niña episodes, and vice versa [50]. 51We observe those periods in
1968–1977 (El Niño in 1969–1970 and in 1972–1973 was succeeded by La Niña in 1970–1971
and in 1973–1974; La Niña in 1975–1976 was succeeded by El Niño in 1976–1977), 1997–1999
(El Niño in 1997–1998 was succeeded by La Niña 1998–1999), and 2006–2008 (El Niño in
2006–2007 was succeeded by La Niña in 2007–2008). For the original series (Figure 11), we
observe the periods of increasing entropy (increasing irregularity) in 1968–1977 for all the
three regions, 1997–1999 for Agreste and Zona de Mata, and 2006–2008 for Sertão and Agreste.
For anomalies series (Figure 12), we observed the same tendency in 1968–1977 for all three
regions, 1997–1999 for Sertão and Zona da Mata, and 2006–2008 only for Agreste. For Sertão
and Agreste, we identify one more period of increasing entropy: 1986–1989, when an El
Niño episode was succeeded by a La Niña episode. In general, a reduction in precipitation
in NEB is observed during El Niño episodes, while the increased precipitation in this same
region is related to La Niña episodes [51]. Therefore, based on these observations, it may
be expected that the successive episodes of increased and decreased rainfall result in a
higher degree of irregularity in rainfall dynamics, and, thus, higher entropy values. This
effect is most pronounced in the Agreste region (climate transition zone), for which the
increase in entropy is observed for all periods, for both the original series and the anomalies.
Along SampEn evolution, we also show the evolution of mean annual rainfall (Figure 11,
magenta line) and mean annual anomaly (Figure 12, magenta line), together with the
corresponding correlation coefficient, where we observe the following pattern: (i) for all
cases the correlation is positive; (ii) for Agreste and Zona da Mata, correlation coefficients
show similar values for both original and anomalies series, while for Sertão, correlation
between SampEn and anomalies is stronger than between SampEn and original series;
(iii) comparing correlations between SampEn and anomalies, we observe the strongest
correlation for the Sertão region, while Zona da Mata shows the strongest correlation between
SampEn and the original rainfall series.
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We next implement the sliding window technique on all 133 stations, and for each
station, we calculate mean SampEn values for all windows for the two subperiods and
perform the Wilcoxon test. We, thus, classify the change between periods according to
different levels of probability as proposed in Ref [52]. The results for two subperiods are
shown in Figure 13 (original series) and Figure 14 (anomalies). It is seen from Figure 13 that:
(i) in the most of the Sertão region, the SampEn changes are negative (decrease in entropy
and increase in regularity in the second subperiod), while in Agreste and Zona da Mata
they are positive (increase in entropy and decrease in regularity in the second subperiod),
however there are some “islands” of positive change in Sertão and negative change in Zona
da Mata. For anomalies (Figure 14) in most of Pernambuco state, the SampEn values have
positive change from the first to the second subperiod, with some “islands” of negative
changes. This result is consistent with what is observed in Figure 8: decrease in entropy in
Sertão and increase in Agreste and Zona da Mata for the original series, and the increase in
entropy for all regions for anomalies series.

Figure 13. (a) Spatial distribution of mean SampEn values for original series (calculated from sliding
windows) for first period (1953–1982) and second period (1983–2012); (b) the result of Wilcoxon test
for each station. Changes between periods are classified according to different levels of probability:
exceptionally likely (p < 0.01); extremely likely (p < 0.05); very likely (p < 0.10); as likely as not
(p > 0.10). Blue color indicates negative change, red color stands for positive change.
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Finally, for each station we calculate the correlation coefficient between the temporal
series of entropy and mean rainfall, and between entropy and mean rainfall anomaly, cal-
culated in each sliding window (as shown in Figures 11 and 12 for the three representative
stations). Then we interpolate the results to obtain the spatial distribution of the correlation
coefficient, shown in Figure 15, where it is seen that, overall, for both original series and
anomalies, the correlation is positive, which may be expected as both the annual rainfall
(Figure 3) and entropy (Figure 4) show similar tendency (decrease in east–west direction).
However, the correlation is stronger in the coastal Zona da Mata region (where more an-
nual rainfall amount is irregularly distributed throughout a year) than in the semiarid
Sertão region with less rain but more regularly distributed among the well-defined wet and
dry periods.
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4. Conclusions

In this work, we analyzed rainfall temporal regularity for the state of Pernambuco,
Brazil, in order to compare rainfall regimes in three regions: the coastal tropical humid
Zona de Mata, the inland semiarid Sertão region, and the transitional sub-humid zone
Agreste. We applied the sample entropy (SampEn) method to monthly rainfall series from
133 pluviometric stations during the period 1953 to 2012. For the entire recording period
we found that: (i) due to strong seasonality, the original rainfall series show lower entropy
(higher regularity) than the anomalies (deseasonalized) series; (ii) for both, original series
and anomalies entropy increases (regularity decreases) in the west–east direction from the
inland Sertão region towards coastal Zona da Mata; (iii) for the original series, there is a
significant difference in entropy values between Sertão and Agreste, and between Sertão
and Zona da Mata, while for the anomalies series, the significant difference is found only
between Sertão and Agreste.

By comparing two 30 year subperiods (1953–1982 and 1983–2012), we found that: (i) in
the second period, the rainfall amount decreases in Sertão and Agreste, and increases in
Zona de Mata; (ii) for the original series, the entropy of rainfall series in Zona da Mata
increases in the second period, indicating more irregular rainfall dynamics, while for the
anomalies series, an increase in entropy (lower regularity) is observed for Zona da Mata and
Agreste, and a decrease in entropy (higher regularity) in the eastern part of Sertão; (iii) in the
second subperiod, the Agreste and Zona de Mata regions become more similar with respect
to the regularity of rainfall dynamics (there is no significant difference in entropy values
for both original and anomalies series); (iv) a comparison of SampEn values for each region
for the two subperiods indicates that the rainfall regime changes the most in Zona de Mata
(both original and anomalies series show significant difference).

The time evolution of rainfall regularity was analyzed by calculating SampEn values
in 10 years sliding windows for all 133 monthly series, and applying statistical test for two
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30 year subperiods. We found that from the first to the second subperiod for the original
series, changes are negative in the Sertão region, and positive for Agreste and Zona da Mata,
while for anomalies, in most of Pernambuco state the SampEn values show positive change.

By analyzing time-dependent SampEn for representative stations for each region,
we identified several periods of increasing entropy that are related to specific climatic
phenomena: strong or moderate El Niño episodes succeeded by strong or moderate La
Niña episodes, and vice versa. Finally, by analyzing the correlation between the temporal
series of entropy and mean rainfall calculated in 10 years sliding windows, we found
that for both original series and anomalies, the correlation is positive and stronger in the
coastal Zona da Mata region (where more annual rainfall amount is irregularly distributed
throughout the year) than in the semiarid Sertão region with less rain but more regularly
distributed among the well-defined wet and dry periods.

Our work provides a rather comprehensive analysis of rainfall temporal regularity in
an area where climate and rainfall regime significantly vary (from the coastal subhumid
and rainy Zona de Mata to the semiarid inland dry Sertão region). By applying SampEn
method on long monthly records from many stations that are well-distributed across the
study area, we are able to provide detailed spatiotemporal analysis of rainfall regime in
Pernambuco state, to distinguish among different rainfall regimes, and to identify climatic
phenomena such as consecutive El Niño and La Niña episodes. The results of our work
together with other recent studies indicate that an information theory approach contributes
to a deeper understanding of the mechanisms governing climate dynamics.
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