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Abstract: Due to the scarcity of studies linking the variability of rainfall and population growth in

the capital cities of Northeastern Brazil (NEB), the purpose of this study is to evaluate the variability

and multiscale interaction (annual and seasonal), and in addition, to detect their trends and the

impact of urban growth. For this, monthly rainfall data between 1960 and 2020 were used. In

addition, the detection of rainfall trends on annual and seasonal scales was performed using the
Mann-Kendall (MK) test and compared with the phases of El Nifio-Southern Oscillation (ENSO) and
Pacific Decadal Oscillation (PDO). The relationship between population growth data and rainfall data

for different decades was established. Results indicate that the variability of multiscale urban rainfall
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is directly associated with the ENSO and PDO phases, followed by the performance of rain-producing
meteorological systems in the NEB. In addition, the anthropic influence is shown in the relational
pattern between population growth and the variability of decennial rainfall in the capitals of the
NEB. However, no capital showed a significant trend of increasing annual rainfall (as in the case of
Aracaju, Maceid, and Salvador). The observed population increase in the last decades in the capitals
of the NEB and the notable decreasing trend of rainfall could compromise the region’s water security.
Moreover, if there is no strategic planning about water bodies, these changes in the rainfall pattern
could be compromising.

Keywords: NEB; urban rainfall; meteorological systems; population growth

1. Introduction

Northeastern Brazil (NEB) has a high spatiotemporal variability of rainfall, with a
direct influence on various human activities, mainly in the agricultural sector, tourism, and
industry, as well as on the dynamics and phytophysiognomy of existing biomes [1-3]. Due
to its geographic location, several multiscale meteorological systems, from local to large
scale, contribute to rainfall dynamics in the NEB [4-6].

Different rainfall regimes for sub-regions of the NEB (East, North, and South) suggest
that more than one mechanism is responsible for its spatiotemporal variability [7-9]. Among
the large-scale mechanisms that organize convection on a synoptic scale are the Intertropical
Convergence Zone (ITCZ), the South Atlantic Convergence Zone (SACZ), Frontal Systems
(FS), High-Level Cyclonic Vortices (HLCV), South Atlantic Subtropical High (SASH), and
the Madden-Julian Oscillation (MJO) [10-14]. Mesoscale mechanisms include Trade Wave
Disturbances (TWD), Easterly Wave Disturbances (EWD), Mesoscale Convective Complexes
(MCC), and sea/land, valley /mountain, and lake/lagoon circulations [5,13,15]. Orographic
circulations and local convection constitute microscale phenomena [8].

In addition, there are modes of climate variability, for example, the El Nifio-Southern
Oscillation (ENSO) [3,5] and the Atlantic Dipole, currently called Interhemispheric Gradi-
ent of Atlantic Sea Surface Temperature (GIASST) [11], which influences the interannual
variability of rainfall in the NEB [12,16,17]. Studies show that in El Nifio/La Nifia years, the
NEB has less and/or more annual rainfall compared to climatology [3,6,7]. Another impor-
tant mode of climate variability in the NEB is the Pacific Decadal Oscillation (PDO), which,
in turn, is directly linked to the ENSO phases. The PDO refers to the ocean—atmosphere
interaction in the Pacific Ocean, which is dominant on the inter-annual scale and influences
the NEB rainfall distribution [11,18].

In addition, extreme coastal rainfall events are common in the NEB capital cities [19].
When associated with cities with precarious infrastructure and unplanned growth, these
events result in floods, flash flood overflows, and an increase in waterborne diseases
(dengue, zika, chikungunya, and leptospirosis) [20,21].

The rapid and disorderly expansion of urban centers leads to the waterproofing of
extensive areas and urban drainage problems [22,23]. It is known that increased soil imper-
meability due to urbanization impacts rainfall in urban areas and the local hydrological
system [24] and also causes changes in rainfall intensity and frequency patterns [25-27].
Urban rainfall affects daily human activities and the environment [28].

Previously, Sousa et al. [29] estimated the risks of extreme rainfall in the nine capitals
of the NEB in the period from 1910 to 2012 and found that the large-scale mechanisms that
operate in the NEB, in the first four months of the year, HLCV and ITCZ, can be intensified
by local effects and cause the intensity of the rainfall, mainly in the coast and in the Agreste
region to the central region of the NEB. Recently, Da Silva et al. [30] analyzed rainfall in
the eastern portion of the NEB (ENEB) via the Standardized Precipitation Index (SPI) and
Wavelet Analysis from 1961 to 2014 and found that the occurrence of droughts was higher
in all capitals, however, extreme rainfall events became frequent. Additionally, according
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to the authors, extreme weather events (rainy or dry) occur most of the time, apparently
influenced by ENSO phases. The presence of timescales related to ENSO, Atlantic Dipole
mode, sunspot cycle, and PDO was also identified in all capitals in this study.

To date, few studies have been carried out with the assessment of spatiotemporal
variability and rainfall trends in the capitals of the NEB [e.g., 5, 11]; the existing ones are
summarized in studies [31] or, when in their entirety, the lack of their socio-environmental
impacts, especially in the last 60 years. Therefore, the objective of this study was to evaluate
the variability of urban rainfall on a multiscale (annual and seasonal) in the capitals of the
NEB, with emphasis on the identification of the meteorological systems responsible for the
occurrence of the seasonality of urban rainfall and the detection of its trends.

2. Materials and Methods
2.1. Study Area

The NEB is located between the parallels 01°02'30” N and 18°20'07” S and between
the longitudes of 34°47'30" and 48°45'24” west (W) of Greenwich. The regions under study
are the capitals of the NEB: Aracaju (SE), Fortaleza (CE), Joao Pessoa (PB), Maceio (AL),
Natal (RN), Recife (PE), Salvador (BA), Sdo Luis (MA), and Teresina (PI), as shown in
Figure 1. Table 1 shows the population of the capitals of the NEB based on the censuses of
the Brazilian Institute of Geography and Statistics (IBGE) [32].
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Figure 1. Location of the study area, with emphasis on the nine capitals and the elevation (m) of
the NEB. Legend: (a) Brazil, (b) elevation in Northeast region, (c) Salvador, (d) Aracaju, (e) Maceid,
(f) Recife, (g) Joao Pessoa, (h) Natal, (i) Fortaleza, (j) Teresina and (k) Sao Luis.
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Table 1. Estimated population for NEB capitals. Source: [32].
Capitals Poal;lgalt)ion Po?zl(l)l;g;on Pog:)lla(:)ion Pole(l)lza(;t)ion
Aracaju 404,828 451,027 571,149 664,908
Fortaleza 1,708,741 2,139,372 2,452,185 2,686,612
Joao Pessoa 484,291 594,968 723,515 817,511
Macei6 699,760 806,167 932,748 1,025,360
Natal 606,276 699,339 803,739 890,480
Recife 1,335,684 1,388,193 1,537,704 1,653,461
Salvador 2,075,392 2,331,612 2,675,656 2,886,698
Sao Luis 781,374 855,442 1,014,837 1,108,975
Teresina 591,164 703,796 814,230 868,075

2.2. Rainfall Data and Evaluation

We are referring for the data of 9 stations for rainfall and population evaluation in
various cities of NEB according to the spatial distribution of Figure 1 and Table 2. The
stations belonging to the hydrometeorological network of ANA—Agéncia Nacional das
Aguas (ANA, 2021) are obtained via the HidroWeb platform at the following electronic
address: http://www.ana.gov.br, accessed on 8 August 2022. The period comprises the
years 1960 to 2020.

Table 2. The detail about the parameters from 9 different stations.

D e pE g Al e
1 Aracaju —10.95 —37.05 3.68 1403.13 16.12
2 Fortaleza —3.82 3854 29.89 1607.61 20.08
3 PL‘;E‘O’a ~7.10 —34.85 9.67 1906.07 10.79
4 Macei6 —9.55 —35.77 84.12 1867.25 26.64
5 Natal —5.84 —35.21 47.68 1616.26 25.82
6 Recife ~8.06 —34.96 11.3 2276.68 3.8
7 Salvador ~13.01 —38.51 47.35 1968.17 18.85
8  SéoLuis —2.53 —4421 32.58 2094.54 13.93
9 Teresina —5.03 —42.80 75.73 1262.36 31.56

** Note: The percentage of faults is the count of faults existing at each station, which was filled in by the imputation
method.

In this paper, we used the method proposed by Harrel [33] and Junger and Ponce
de Leon [34] for missing data filling in the yeas. The percentages of missing data in the
precipitation time series to the following criteria: (i) percentage < 0.05: single imputation
is applied or only complete data are analyzed; (ii) percentage between 0.05 and 0.15:
single imputation is used; and (iii) percentage greater than 0.15: multiple imputations are
indicated in most cases [35,36]. After quality control and filling of gaps in the rainfall data,
descriptive statistics were applied.

2.3. ENSO and PDO

To better understand the variability, the influence of ENSO was included, characterized
by its phases: positive (El Nifio), negative (La Nifia), and neutral. The ENSO phases are
classified according to the Sea Surface Temperature (SST) anomalies of the Equatorial Pacific


http://www.ana.gov.br

Atmosphere 2022, 13, 1610

50f21

region, called the El Nifio 3.4 region, via the Oceanic Nifio Index (ONI) [37], according to
Table 3. According to the link, information about the occurrences of ENSO phases is based
on data from the National Weather Service (NWS) and the National Oceanographic and
Atmospheric Administration (NOAA) (https://ggweather.com/enso/oni.htm, accessed
on 8 August 2022).

Table 3. Occurrences of ENSO—Oceanic Nifio Index (ONI). Source: The intensity of the categories is
found on the website: https://ggweather.com/enso/oni.htm, accessed on 8 August 2022.

El Nifio La Nifa
Very
Weak Moderate Strong Weak Moderate Strong
Strong
1952-53 1951-52 1957-58 1982-83 1954-55 1955-56 1973-74

1953-54 1963-64 1965-66 1997-98 1964-65 1970-71 1975-76
1958-59 1968-69 1972-73 2015-16 1971-72 1995-96 1988-89

1969-70 1986-87 1987-88 1974-75 2011-12 1998-99
1976-77 1994-95 1991-92 1983-84 2020-21 1999-00
1977-78 2002-03 1984-85 2007-08
1979-80 2009-10 2000-01 2010-11
2004-05 2005-06
2006-07 2008-09
2014-15 2016-17
2018-19 2017-18

In addition, the influence of the PDO phases was also addressed, characterized by hav-
ing two phases: (i) positive—hot (1925-1946; 1977-1998) and (ii) negative—cold (1947-1976).
The temperature anomalies define the two phases in the Northeast and the Tropical Pa-
cific Ocean through the NCDC Index (National Climatic Data Center)/USA: Based on
“reconstructed” data from SST in the Pacific. Information about PDO occurrences is
at the National Centers for Environmental Information (NCEI), according to the link:
https:/ /www.ncdc.noaa.gov/teleconnections/pdo/, accessed on 8 August 2022.

The variability of annual rainfall in the capitals of the NEB was based on the identifi-
cation of dry and rainy years in the studied period associated with ENSO phases via the
ONI index and the PDO phases via the NCEI PDO index. To facilitate the discussion of
the results obtained in the study, the following criterion was adopted: North of the NEB
(NNEB)—(MA, PI, CE, and RN), East of the NEB (ENEB)—(PB, PE, AL, and SE) and South
of the NEB (SNEB)—(BA).

2.4. Mann—Kendall Test

To identify statistically significant trends in the time series of the assembled NEB
precipitation dataset, the Mann—Kendall test (MK) [38] was applied. MK test can use the
same time series distribution by enabling the stability of the hypothesis for successive and
independent occurrences [38,39], using the below by Equation (1).

n

S = Z sgn(xj —x;) (1)

j=it1
where x; is the estimated date of the sequence of values, 7 is the length of the time series,

and the sign S is given by Equation (2):

andsgn(x) =1 € for (xj —x;) >0
S=< andsgn(x) =0 & for (xj—x;) =0 )
andsgn(x) = =1 for (xj —x;) <0
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The values (x1, x2, x3, ... , x;) in time series with (n > 4) terms assuming the null
hypothesis (Hp) is defined by Equation (3).

n(n—1)(2n+5)

Var(S) = 18 3)
Furthermore, the variation can be find out by Equation (4):
1 8
Var(S) = T n(n—1)2n+5)— Y tp(ty, —1) (2t, +5) 4)
p=1

where 1, t, and py, is observations, observation after equal time and the data values in a
given group p, respectively.

For the evaluation of the statistical significance of S for Hy with a two-tailed test, it can
be rejected for higher values of the MK statistic, which is defined by Equation (5):

S—1
nd o] forS >0
ZMK = and 0 forS =20 (5)

and—2H_ for S <0

v/ Var(S)

Based on Zy statistics, hypothesis Hy can be positive with null trend (for p-value > x)
and is omitted for another hypothesis (H;) for significant trend with p-value < o.. This
study has been done with a confidence level of 5% (Table 4).

Table 4. The significant Zyx values in the probability range from —1.96 to +1.96.

Category Scale
Significant trend of increase (STI) Zpk > +1.96
Non-significant increasing trend (NSIT) Zpk < +1.96
No trend (NT) Zpk =0
Non-significant downward trend (NSDT) Zyk > —1.96
Significant downward trend (SDT) Zpk < —1.96

In this paper, the methods are executed with Z statistic, where positive values (Z > 0)
and negative values (Z < 0) show an increasing and decreasing trend, respectively.

3. Results and Discussion
3.1. Analysis of Rainfall in NEB Capitals
3.1.1. Annual

In descriptive statistics, Aracaju had the lowest annual average (1382.7 mm), while
Recife (2276.7 mm) and Sao Luis (2094.5 mm) stand out with the highest averages in the
time series. This difference is motivated by the performance of TWD and EWD in Recife,
together with ITCZ and LI in Sao Luis, which contribute to the highest rainfall records,
respectively [14,39]. Concerning the maximum values, the highlight goes to Joao Pessoa
(3888.4 mm), Recife (3527.1 mm), Salvador (3223.2 mm), and, mainly, Sao Luis (3981.3 mm),
with annual totals similar to those recorded in the Legal Amazon [3] (Table 5). The capital
Sao Luis is surrounded by mangroves, sea, and rivers on all sides. It is located on the
limits between the Caatinga vegetation and the Amazon Forest. It directly influences dry
and humid air masses, with higher rainfall records compared to the other capitals of the
NEB [40,41].

The minimum values obtained in the study were identified in the capitals of Joao
Pessoa and Teresina, mainly in the latter (<340 mm) (Table 5), the only capital that is not
located in a coastal environment (Figure 1) and is not varied by precipitation transmission
and LI decrease significantly. The highest (lowest) values of standard deviation (SD) were
verified in Sao Luis, Jodo Pessoa, and Fortaleza (Natal and Teresina). The median’s highest
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(lowest) value was obtained in the city of Recife (Aracaju). As for the values of coefficient
of variation (CV %), all the capitals of the NEB present a strong dispersion of data, to which
values were lower than 35%, highlighting the capitals with CV % lower than 25%; this
demonstrates the regularity in the distribution of annual rainfall [35,36].

Table 5. Descriptive statistics applied to annual rainfall (mm) in NEB capitals.

Capitals x (mm) my (mm) SD (mm) Max (mm) Min (mm) CV (%)
Aracaju 1382.7 1328.1 432.3 3126.3 738.0 31%
Fortaleza 1607.6 1620.8 513.9 2900.1 636.2 32%
Joao pessoa 1906.1 1971.5 637.8 3888.4 501.2 33%
Macei6 1867.3 1825.4 436.3 3033.1 997.2 23%
Natal 1616.3 1527.3 349.3 2485.9 849.0 22%
Recife 2276.7 2260.4 468.4 3527.1 1249.7 21%
Salvador 1968.2 1999.6 393.1 3223.2 1233.2 20%
Sao luis 2094.5 1966.4 627.0 3981.3 647.0 30%
Teresina 1262.4 1267.0 296.1 2028.0 334.8 23%

(@)  East of the NEB (ENEB)

In Aracaju, during the negative phase of the PDO (1947-1976) (Figure 2a), there
were rainy years until the mid-1970s. However, in the subsequent cycle referring to the
positive phase of the PDO (1977-1998), there was a significant decrease in its total rainfall,
mainly from the second half of the 1990s. In the 2000s and 2010s, the PDO performance in
the negative phase (1999—current days) contributed to years with below-average rainfall
(1403 mm). According to Da Silva et al. [30], the PDO’s performance intensifies the ENSO
phases in the NEB. During the analyzed period, Aracaju had some rainy (dry) years,
mainly between 1964 and 1968 (1961 to 1963 and 2004 to 2014). Among the years analyzed,
1983 (El Nifio Strong) and 2016 (El Nifio Very Strong) stand out with the lowest rainfall
records [2,6,38], which recently have been called Mega-El Nifio in the literature [42,43].

Regarding the years with higher-than-average rainfall, the biannual cycles 1964-1965
(La Nifia Weak) and 1974-1975 (La Nifia Strong) stand out, with the highest annual rainfall
records. The records of rainy years is associated with ENSO phases in the NEB [3,6,7] and
are even found in Aracaju [44].

The capital Macei6 (Figure 2b) has high variability of annual rainfall; for example, in
the 1960s and 1970s, with the highest records of annual rainfall (negative phase of the PDO),
on the contrary, in the 1980s and 1990s, with lower annual rainfall records (positive phase
of PDO). Recently, Oliveira-Junior et al. [41] identified, based on CHELSA’s precipitation
product (Climatologies at High Resolution for the Earth’s Land Surface Areas) In contrast,
the decadal variability corresponded to the PDO phase shift, similar to the results obtained
in the study. The highest annual rainfall records occurred in the 2000s, and the lowest
annual rainfall was recorded in the 2010s, with PDO in the negative phase. Previously,
Lyra et al. [5] related the wet and dry periods in Alagoas via Harmonic and Spectral
Analysis (HSA) and identified patterns similar to those found in this study, but with a
lower time series of data (1960-1990) and fewer stations (33 stations). When referring to the
average of the driest years, in this case, 34 years, the total rainfall is lower than the average
(1867.4 mm) in Maceid, but higher than the total obtained in Aracaju.

Highlighting the years 1998 (El Nifio Very Strong) and 2020 (El Nifio Weak), with
the lowest rainfall records in Maceid, such results are previously corroborated by Oliveira
Junior et al. [45] and Lyra et al. [5], and recently by Costa et al. [7] and Oliveira Jinior et al. [46].
At the same time, in the 27 years that presented above-average rainfall, the years 2000 and
2009 (La Nifia Weak) and 2017 (La Nifia Strong) stand out.

The capital Recife (Figure 2c) shows a decrease in rainfall throughout the time series,
except for the 1960s with the highest annual rainfall records, which remained until 1974
(negative PDO phase), similar to Aracaju and Macei6. Although 1977 to 1998 corresponds
to the positive phase of the PDO, the rainfall totals between 1984 and 1990 were above
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average (2276.7 mm). The 1990s (2000 and 2010) exhibited the driest years (alternating
between wet and dry years). There is evidence of the role of the PDO in the rainfall regime
on the ENEB coast concerning the hot (1977-1998) and cold (1947-1976) phases [5,8,10,11].
Regarding the 31 years with lower than average rainfall in Recife, the biannual cycles
1997-1998, 1982-1983, and 2015-2016 (EI Nifio Very Strong) stand out. Concerning the
30 years with above-average rainfall in Recife, 1964 (La Nifia Weak), 2000, and 2011 (La Nifia
Strong) stand out. Such average rainfall is due to the action of meteorological systems, for
example, TWD, EWD, and breeze circulations, followed by the continentally and maritime
effects [16,17].
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Figure 2. Annual rainfall distribution (mm/year) in ENEB capitals—Aracaju (a), Macei6 (b), Recife (c),

and Joao Pessoa (d). El Nifio, La Nifia, Neutral, and their intensities based on the Oceanic Nifio Index
(ONI): N: Neutral, WE: weak El Nifio; ME: moderate El Nifio; SE: strong El Nifio; VSE: very strong El
Nifno; WL: weak La Nifa; ML: moderate La Nifia; and SL: strong La Nifia. The colors in the bars are
Neutral in grey, La Nifia in blue, and El Nifio in red, and the dashed line represents average rainfall
for the period 1960-2020.

The capital Joao Pessoa (Figure 2d) has high rainfall variability compared to other
ENEB capitals, until the mid-1970s, when the rainiest years were recorded (negative phase
of the 1949-1976 PDO). From the second half of the year onwards from the 1970s to the
1990s, drier years were recorded (positive phase of the PDO) [47]. Regarding the 28 years
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with lower (higher) rainfall than the average of 1.906 mm, the 1982-1983 biannual cycle
(1964, 1985, and 2009) resulting from the Very Strong El Nifio (La Nifia Weak) stands out,
with the lowest (highest) annual rainfall record.

(b) North of the NEB (NNEB)

In Sao Luis (Figure 3a), it can be seen that the negative phase of the PDO (1947-1976),
the 1960s, was characterized by annual rainfall below average (2094.5 mm). From the
1970s onwards, there were some years with annual rainfall above the average, for example,
between 1970-1975, except 1972. It is noted that during the positive phase of the PDO
(1977-1998), the annual rainfall pattern shows strong variability. As for the period analyzed,
the years 1971, 1984-1985 (La Nifia Weak), and 1973-1974 (La Nifia Strong) stand out, with
the highest annual rainfall records influenced by the performance of the ENSO [48].
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Figure 3. Annual rainfall distribution (mm/year) in the capitals of the NNEB—Sao Luis (a),
Teresina (b), Fortaleza (c), and Natal (d). El Nifio, La Nifia, Neutral, and their intensities based
on the Oceanic Nifio Index (ONI): N: Neutral, WE: weak El Nifio; ME: moderate El Nifio; SE: strong
El Nifio; VSE: very strong El Nifio; WL: weak La Nifia; ML: moderate La Nifia; and SL: strong La
Nifia. The colors in the bars are Neutral in grey, La Nifa in blue, and El Nifio in red, and the dashed
line represents average rainfall for the period 1960-2020.
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The capital Teresina (Figure 3b) is the only capital of the NEB far from the coast; in
addition, it is the only one that has a significant decrease in annual rainfall when compared
to the other capitals of the NNEB, as it is a region marked by low air humidity and high
temperatures [10]. In the 1960s, some years had higher or close to average rainfall until 1976
(negative PDO phase). The period from 1977 to 1998 presents high variability of annual
rainfall, verified mainly in the 1980s, with several years with below-average rainfall, except
for 1984, corresponding to the positive phase of the PDO. In the cold phase of the PDO
(1999—current days), the 2000s show high rainfall records, the opposite of the low records
in the 2010s.

The capital Fortaleza (Figure 3c) shows a decrease in rainfall over the decades. Between
the years 1960 and 1975 (1976 and 1998), it appears that the high (low) rainfall records
occurred during the negative phase of the PDO (negative phase of the PDO), mainly in
the 2000s (2010s), were the wettest (dry), with a total of 17,689.6 mm (14,503.28 mm).
Silva et al. [21] found that the association of ENSO and PDO in the same phase promotes
a decrease (increase) in annual rainfall totals during the hot (cold) phase of both events.
Of the 31 years with lower than average rainfall (1607.6 mm) in Fortaleza, the years 1979
(EI Nifio Weak) and 1982 (El Nifio Very Strong) stand out, with the lowest annual rainfall
records. Meanwhile, of the 29 years that had higher than average rainfall in Fortaleza, the
biannual cycle of 1973-1974 and 2011 stands out, resulting from the performance of La
Nifia Forte. Severe droughts in the NEB have been linked to the occurrence of El Nifio.
The relationship between El Nifio and droughts in the NEB is ambiguous because of the
46 El Nifios (strong and moderate) from 1849-1992; 21 (45%) were associated with severe
droughts in Fortaleza.

The capital Natal (Figure 3d) shows an increase in rainfall over recent decades. Despite
being under the negative phase of the PDO, the 1960s had the lowest annual rainfall records.
The 1970s, 1980s, and 1990s had the highest rainfall records below average (positive phase
of the PDO). Corresponding to the negative phase of the PDO, the 2000s had the highest
annual rainfall records, and the 2010s had high rainfall records in most years.

Of the 38 years with below-average rainfall (1616.3 mm), the years 1968 (El Nifio
Moderate) stand out, with the lowest annual record of rain, while the 23 years with above-
average rainfall in Natal stand out in the years 2008 (La Nifia Strong) and 2009 (La Nifia
Weak). According to Silva et al. [21], through SPI and Wavelet, the simultaneous interactions
of different time scales explain high rainfall values for Natal and the influences of ENSO,
GIASST, Sunspots, and PDO.

(c)  South of the NEB (SNEB)

In relation to SNEB cities, Salvador (Figure 4) shows a significant decrease in rainfall
from 1978 onwards. The decade from 1960 to 1975 stands out, with the wettest year
corresponding to the negative phase of the PDO. Then, the capital went through a cycle of
below-average rainfall (1977-1998), corresponding to the positive phase of the PDO [30,49].
In this next negative phase of the PDO, the 2000s had slightly higher rainfall records than
the previous decade, and the 2010s had the least rainfall (17,187 mm).

Of the 30 years with lower than average rainfall (1968.17 mm), the year 2016 (El
Nifio Very Strong) stands out with the lowest annual record of rainfall, while the 31 years
with higher than average rainfall stand out the years 1964 (La Nifia Weak) and 1999
(La Nifa Strong). SNEB shows a strong relationship between rainfall variability and
ENSO phases [49]. The percentages identified show rainfall variability as a function of
ENSO phases. However, the human influence on rainfall dynamics cannot be ruled out,
particularly the urbanization process that has altered rainfall patterns in Brazil and the
NEB [19,50].
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Figure 4. Annual rainfall distribution (mm/year) in the SNEB capital—Salvador. El Nifio, La Nifia,
Neutral, and their intensities based on the Oceanic Nifio Index (ONI): N: Neutral, WE: weak El
Nifio; ME: moderate El Nifio; SE: strong El Nifio; VSE: very strong El Nifio; WL: weak La Nifia; ML:
moderate La Nifia; and SL: strong La Nifia. The colors in the bars are Neutral in grey, La Nifia in blue,
and El Nifio in red, and the dashed line represents average rainfall for the period 1960-2020.

Figure 5 shows the occurrence of ENSO events in the NEB capitals. The percentages
identified show rainfall variability as a function of ENSO phases. However, the human
influence on rainfall dynamics cannot be ruled out, particularly the urbanization process
which has altered rainfall patterns in Brazil and the NEB [19,50]. During the evaluated
period (1960 to 2020), there were several occurrences of ENSO in the Neutral phase. On
the other hand, the presence of weak El Nifio (WE) and weak La Nifia (WL) justify the
variability of rainfall in all capita areas of the NEB. These oscillations in weak, moderate, or
severe phases can cause variations in the volumes and the beginning of the rainy seasons.
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Figure 5. The occurrence of ENSO intensities in NEB capitals from 1960 to 2020. Note: Neutral (N),
weak El Nifio (WE), moderate El Nifio (ME), strong El Nifio (SE), very strong El Nifio (VSE), weak La
Nifna (WL), moderate La Nifia (ML), and strong La Nifa (SL).

3.1.2. Seasonal

Figure 6 shows the boxplot of the average monthly rainfall in ENEB during the study
period. In Aracaju (Figure 6a), the highest (lowest) median value occurs in May (December),
with a value of 279.1 mm (26.4 mm). The highest (lowest) interquartile range (IQR) occurs
in May (August), with a value of 218.1 mm (35.4 mm). The months between January and
June showed greater dispersion of rainfall data, with a larger occurrence of outliers, due to
the influence, mainly, of the ITCZ, which occurs between March and April, followed by
February and May [10,17]. On the other hand, with the absence of the ITCZ, the capital and
the state of Sergipe has frequent rainfall reductions, especially in the semi-arid region [44].
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decreased significantly in July, October, November, and December, with fewer outliers and
a decrease in rainfall-producing systems [48,49].
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Figure 6. Monthly rainfall boxplot (mm) at ENEB—Aracaju (a), Maceio6 (b), Recife (c), and Joao
Pessoa (d) from 1960 to 2020.

In Macei6 (Figure 6b), the highest (lowest) median occurred in June (November) with
a value of 312.3 mm (40.6 mm), as well as the lowest IQR (36.2 mm); on the contrary, in May
(136.3 mm). Between April and July, there was a greater dispersion of data (outliers); on the
contrary, in the period between August and December, with a decrease in this dispersion.
The seasonality of rainfall in Macei6 is due to the action of multiscale meteorological
systems, for example, HLCV, SASH, EWD, TWD, and the circulation of sea/land and
lagoon breezes [5,7,30,46]. Furthermore, the influence of the urbanization process and
changes in land use and occupation cannot be ruled out, particularly since the 1990s, as
recently identified by Correia Filho et al. [3] and Oliveira Janior et al. [45].

The results observed for Recife (Figure 6¢c) followed the same pattern as for Maceio,
with the highest (lowest) median in June (November) with a value of 390.8 mm (31.3 mm),
with greater dispersion between March and July, due to EWD and less dispersed data
between September and December, when the lowest rainfall records occur (Ferreira, 2016).
Likewise, Joao Pessoa (Figure 6d) had the highest median in June (318.8 mm) and the
lowest in November (29.9 mm). From March to August, there was greater dispersion of
data, with a significant decrease from October to December. In both capitals, April was
the month with the highest IQR (244.0 mm and 201.9 mm), and November had the lowest
(37.8 mm and 20.6 mm).

The ENEB has particular climatic characteristics, as the NEB is in the tropical belt
location of South America. This sub-region is under the influence of several meteorological
systems, in addition to the proximity to the Equator and, thus, a greater amount of solar
radiation [44]. The ITCZ occurs from March to April, and the penetration of cold air from
polar air masses is normally associated with the formation of SE, which influences the
dynamics of rain between April and August [5,12]. On the other hand, the EWD that occurs
between May and July is mainly responsible for the occurrence of rain in the period and,
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finally, the circulation of breezes that affect the rainfall regime on the coast, with greater
intensity in the period from May to June [1,11].

The rainfall caused by the HLCV in the ENEB depends on its position, as upward air
movements are observed on the western and northern edges, which can cause flooding.
In contrast, in the center of the vortex, subsidence movements cause stable weather in the
region below [7,9]. They also showed that the SASH contributes to rainfall on the ENEB
coast when it is located further south of its average position and is close to the coast of
SA. Positive SST anomalies in the South Tropical Atlantic produce rain over the ENEB.
In contrast, positive SST anomalies in the Pacific inhibit rainfall [1]. Therefore, seasonal
rainfall in ENEB is influenced by the following systems: ITCZ, FS, EWD, TWD, circulation
of breezes, HLCV, and SASH [5,12].

Figure 7 shows the boxplot of the average monthly rainfall in the NNEB during the
study period. In the capital Sao Luis (Figure 7a), the highest (lowest) median occurred in
April (October) with a value of 429.3 mm (1.0 mm), highlighting this month with the lowest
median among the NEB capitals. The months of February, April, and May had the greatest
dispersion of data (outliers), corresponding to the months of greater activity of the ITCZ
and the rainy season in the region [10], while the period of August and November had less
dispersion, corresponding to the dry period of the region. January (October) had the highest
(lowest) IQR with a value of 223.3 mm (5.2 mm). The main rainfall mechanism in Sdo Luis
is the ITCZ [10], followed by LI’s and breeze circulations [8,50-53]. Previous studies also
reported these analyses using ground and space-based measurement data [48-52].
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Figure 7. Monthly rainfall boxplot (mm) in NNEB—Sao Luis (a), Teresina (b), Fortaleza (c), and Natal
(d) in the period from 1960 to 2020.

In Teresina (Figure 7b), the highest (lowest) median occurred in March (August), with a
value of 264.3 mm (5.4 mm), as well as the lowest value of IQR (8.0 mm). Between December
and May, there was greater dispersion of data, with a significant decrease between June
and November. Moreover, April had the highest IQR (124.8 mm). Fortaleza (Figure 7c) had
the lowest (highest) median, which occurred in November (April), with a value of 9.5 mm
(368.2 mm). Between December and June, there was greater dispersion of data, with a
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significant decrease between August and November. The highest IQR occurred in May, and
the lowest was in October. The capital Natal (Figure 7d) followed the same pattern as Sao
Luis, with the highest median in April (265.2 mm) and the lowest in October (18.4 mm), as
well as the lowest IQR (14.4 mm) and the highest IQR, which occurred in July (143.4 mm).
There was greater dispersion of data between January and August, decreasing significantly
in October, November, and December.

The NNEB is characterized by a rainy period (between February and May) with
high inter-annual variability [54-56] and no rain during most of the dry period (October—
December). The influence of El Nifio is marked on the NNEB, and there is a high probability
of droughts, associated, in 70% of cases, with moderate to severe episodes. La Nifa
events have been associated with wetter than normal rainy seasons. In the NNEB, the
meteorological systems operate on a synoptic scale: ITCZ, HLCV, EWD, SACZ, and FS; in
mesoscale: LI and SCMs; and on a local scale: isolated storms and breeze circulations [14,53].
The most probable results also provided deep insights in previous reports [57-62].

Figure 8 shows the boxplot of the average monthly rainfall in the SNEB during the
study period. In Salvador, the highest median occurred in May (323.6 mm), with the
Atlantic Dipole mode being one of the main rain inducers since it influences the positioning
of the ITCZ. The lowest occurred in January (85.9 mm); in this period, HLCV penetrates
the interior of the NEB, causing clear skies in the SNEB [57,63—66]. The months of January,
July, and August (September to December) were the months with the highest (least) data
dispersion (outliers). April (August) is the month with the highest (lowest) IOR, with a
value of 188.3 mm (47.4 mm).
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Figure 8. Monthly rainfall boxplot (mm) in SNEB—Salvador from 1960 to 2020.

The FS, an important rain-producing system, acts basically in the SNEB, from Novem-
ber to February, with the maximum recorded in December, mainly in the southern part
of Bahia, and decreasing towards the north of the region. The SNEB has high monthly
rainfall totals throughout the year, but the highest volumes occur from April to July. Several
atmospheric systems act on the NEB and affect, directly or indirectly, the rainfall regime
of Salvador; they are ITCZ, SASH, SACZ, EWD, TWD, FS, HLCV, and MCC. In addition,
Salvador is influenced by the sea breeze system on its Atlantic coast, which acts as a thermal
regulator for the city, mitigating the high temperatures from September to February [1,8].

3.2. Rainfall Trend in NEB Capitals

In all the evaluated NEB capitals, there was no anomalous variations in annual rainfall
(Zmx > +1.96)—only a low growth (Zyk < +1.96) in rainfall, similar to the results obtained
by Oliveira-Junior et al. [40]. This result is worrying in terms of water supply, supply of
reservoirs, and especially for urban agriculture, as 12,602,080 inhabitants live in the capitals
(Table 1) [32]. Note the absence of trend (Zyk = 0) in all capitals of the NEB (Table 6).
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Table 6. Rainfall trend via MK test applied to Northeast capitals.

Capitals Znk Values
Aracaju —4.24
Fortaleza —1.43
Joao Pessoa —-1.32
Maceio -2.22
Natal —-1.01
Recife —1.44
Salvador —4.64
Sao Luis —0.29
Teresina —1.14

Detecting anomalous pattern from stations data of rainfall is of intense care [34],
especially in Brazil, which depends on various agri-business processes with enormous
populated regime on the coast [40,43].

Individually, the capitals that showed decrease rainfall (Zyx > —1.96) were Fortaleza,
Joao Pessoa, Natal, Recife, Sao Luis, and Teresina. Both capitals showed significant rainfall
deviation [8,12] as a result of ENSO and PDO processes [10] and, mainly, from GIASST [11].

On the other hand, the significant trend of decreasing rainfall in Aracaju, Macei6, and
Salvador, corresponding to the share of ENEB and SNEB. Again, these cities decrease in the
Sea shores Tablelands region [8]. The rise in land use by excessive urbanization during the
60 years in the above counties cannot be ruled out [25-27].

Previously, Silva [64] analyzed the climate variability of the NEB and detected signifi-
cantly decreasing trends in several locations in the NEB region via the MK test. The author
suggested in his study that this variability may be related to the occurrence of climatic
changes in the NEB, from the semi-arid to the coastal area of the region, similar to the
results obtained in the study, only for capitals of the NEB that are located on the coast,
except for Teresina (Figure 1).

3.3. Relationship between Population and Average Rainfall

Figure 9 shows the comparative analysis of average rainfall annually and decennial
urbanization during 1970-2020 in NEB capitals. The capitals of Aracaju (Figure 9a), Maceid
(Figure 9d), Joao Pessoa (Figure 9c), Recife (Figure 9f), and Teresina (Figure 9i) showed
a decreasing pattern in the decades 1980, 1990, and 2010 with respect to urbanization
and rainfall relationship. At the same time, the capitals of Fortaleza (Figure 9b), Natal
(Figure 9e), Salvador (Figure 9g), and Sao Luis (Figure 9h) showed an increasing trend,
especially in the 2000s.

The disorderly occupation of cities causes changes in their physical characteristics.
It makes the urban environment vulnerable to socio-environmental disasters like land-
slides and floods. On the other hand, urban expansion challenges water resource man-
agement, causing precipitation variations and generating problems in the water supply
system [40,65,66].

In 1900, only 13% of the population lived in urban areas. In 2007, the urban population
grew to 49.4% and thus occupied only 2.8% of the global territory. By 2050, it is estimated
to be at 69.6% of the population in urban areas. In this context, the Brazilian population
has grown [31] from 90 million to 205 million since 1970, and the urban population has
increased from 55% to 84% [22]. The scenario is worrying since, historically, the greatest
water deficits in Brazil have been recorded in the semi-arid region of the NEB, which is
cyclically subjected to droughts and prolonged drought periods [3,55].
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Figure 9. Relational pattern between average rainfall (mm) by decade and population (inhabitants)
in the capitals of the NEB: Aracaju (a), Fortaleza (b), Joao Pessoa (c), Macei6 (d), Natal (e), Recife (f),
Salvador (g), Sao Luis (h), and Teresina (i).

3.4. Relationship between Climatological Normal and Observed Rainfall

Figure 10 shows the comparison between the observed rainfall and the climatological
normal in the capitals of the NEB in the periods of 1961-1990, 1981-1990, and 1991-2020.
Aracaju (Figure 10a) (—16%, 2%, and 11%) and Sao Luis (Figure 10h) (—6%, 5%, and 11%)
show a significant decrease in the percentage of rainfall in the period 1961-1990 and an
increase in the following two periods. Fortaleza (Figure 10b) (—31%, —35%, and 0.4%),
Macei6 (Figure 10d) (—11%, —4%, and 6%), Natal (Figure 10e) (—8%, —17%, and 3%) and
Salvador (Figure 10g) (—14%, —1% and 5%), on the contrary, along with Aracaju and Sao
Luis, showed a significant decrease in the percentage of rainfall in the periods 1961-1990
and 1981-1990, and an increase in the period 1991-2020. These statistical analyses provide
more interesting information about NEB, like previous reports [67-71]. These methods also
provided new insights into estimating rainfall measurements [72-76].

The highlight is that for Joao Pessoa (Figure 10c) (—8%, —11%, and —4%) and Teresina
(Figure 10i) (—16%, —11%, and —8%), with a percentage decrease in rainfall in all the
periods evaluated, such variations in accumulated rainfall will compromise the water sup-
ply [40,44]. On the other hand, Recife presented lower percentages of variation (1%, —2%,
6%), with a percentage decrease in rainfall only in the period 1981-1990 (Figure 10f) [56].
These long-term studies with different satellite data were also performed for different
regions [72-76]. This study pointed out the variability of multiscale urban rainfall in the
form of annual and seasonal variations in the capitals of the NEB. However, more analyses
are needed with other satellite data to clear the phenomenon, like previous reports [77-81],
which may provide more information on producing and inhibiting meteorological systems
of rain in the NEB.
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Figure 10. Comparison between observed rainfall and climatological normal in the capitals Aracaju
(a), Fortaleza (b), Joao Pessoa (c), Macei6 (d), Natal (e), Recife (f), Salvador (g), Sao Luis (h), and
Teresina (i).

4. Conclusions

This study pointed out that the variability of multiscale urban rainfall (annual and
seasonal) in the capitals of the NEB is directly associated with the ENSO phases, which may
or may not be intensified according to the PDO phase, with a direct influence on producing
and inhibiting meteorological systems of rain in the NEB. The anthropic influence cannot
be ruled out, as there is a relational pattern of population growth and the variability of
decennial rainfall in the capitals of the NEB, verified by the climatological normal. This
change is possibly associated with the urbanization process that drastically influences the
urban rainfall regimes in the study period, for example, changes in meteorological stations
and urban densification in the observation sites.

The meteorological systems responsible for urban rainfall seasonality in ENEB are the
ITCZ, FS, TWD, EWD, the breeze circulations, the HLCV, and the SASH. In the NNEB, the
main meteorological systems operating are the ITCZ, HLCV, EWD, TWD, SACZ, SF, the LI,
and the breeze circulations. Moreover, finally, in SNEB, the main systems are stationary FS,
SACZ, local convection, and breeze circulations.

No capital of the NEB showed a significant trend of increasing annual rainfall. How-
ever, the cities of Aracaju, Macei6, and Salvador showed a significant trend of decreasing
rainfall. The increase in population in the last decades in the capitals of the NEB and the
notable decreasing trend of rain is worrying, as they will have problems with water supply.

The identification of the meteorological systems responsible for the occurrence of
the seasonality of urban rainfall and its trend in the capitals of the NEB are points of
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discussion of how changes in rainfall patterns in the capitals can lead to water shortages
shortly, where periods of drought prolonged periods may compromise urban agriculture,
which is remarkable in the NEB, mainly in terms of reducing investments in the industrial
and tourist sectors, worsening the quality of life, and significantly increasing the region’s
social vulnerability. This is extremely important for developing new public policies and
geo-environmental management for the capitals of the NEB.
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