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Abstract The rainfall variability for the state of Alagoas,

Northeast of Brazil, was evaluated based on the Stan-

dardized Precipitation Index (SPI). Harmonic decomposi-

tion was applied to 31 years-long (1960–1990) series of

SPI, from 33 stations, to relate their modes of variability to

El Niño-Southern Oscillation (ENSO) and the Atlantic

Ocean sea surface temperature (SST). The most important

harmonics identified by the spectral analysis had periods of

10–15 and 2–3 years, followed by other oscillations with

smaller periods. The 10–15 years harmonic was associated

with the Atlantic interhemispheric SST gradient (AITG), a

cross-equatorial dipole which impacts the northeast region

of Brazil by influencing the position of the intertropical

convergence zone (ITCZ), leading to dry or wet conditions.

The 2–3 years harmonic was consistent with the variability

of ENSO events. The harmonic analysis is a powerful tool

to identify the principal modes of variability of SPI.

Although the magnitude of SPI is underestimated in some

cases, this tool significantly increases the knowledge of the

main drivers of rainfall and droughts in the region.

1 Introduction

Alagoas is one of the poorest states in Brazil, and its

Human Development Index (HDI) is the countrýs worst

since 2000 (Malik 2013). The economy has been heavily

based on the primary sector (agricultural and livestock) and

the most important industry of Alagoas is processing of

sugarcane, for sugar and ethanol (IBGE 2006). Considering

that yields rely on the climate conditions, the characteri-

zation and trends of droughts, intense rainfalls or any other

extreme climatic event is very important for both the

economy and society development.

Alagoas state is located in the northeastern Brazil region

(NEB), which is historically characterized by extreme cli-

matic events, such as the drought from 1777 to 1779, when

thousands died in the state of Ceará (Duarte 2001). One

century later, the ‘‘three eights drought’’ of 1888 affected

the same region leading to crop failure, cattle perishing,

starvation and emigration (Gonçalves 2000). Another

important drought recorded in the region occurred from

1982 to 1983, which was concomitant to the strongest El

Niño event ever recorded in modern history (Molion and

Bernardo 2002). Besides drought, the region is also

affected by periodic floods and extreme rainfall events, like

the ones in the state of Alagoas in the last century (1914,

1941, 1960, 1964, 1988, 1989, 2000), and recently in

Alagoas and Pernambuco, in 2010 (Silva et al. 2010).

Responsible Editor: M. T. Prtenjak.

& M. Zeri

marcelo.zeri@cemaden.gov.br

G. B. Lyra

gblyra@ufrrj.br

J. F. Oliveira-Júnior

jfoliverjr@lamma.ufrj.br

G. Gois

givanildogois@gmail.com

G. Cunha-Zeri

giscunhazeri@gmail.com

1 Departamento de Ciências Ambientais, Instituto de Florestas,

Universidade Federal Rural do Rio de Janeiro, Seropédica,

Rio de Janeiro 23890-000, Brazil

2 Centro Nacional de Monitoramento e Alertas de Desastres

Naturais (CEMADEN), Estrada Dr. Altino Bondensan, 500,

Eugênio de Melo, São José Dos Campos, SP 12247-016,

Brazil

123

Meteorol Atmos Phys (2017) 129:157–171

DOI 10.1007/s00703-016-0461-1

http://crossmark.crossref.org/dialog/?doi=10.1007/s00703-016-0461-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00703-016-0461-1&amp;domain=pdf


Rainfall over NEB is influenced by changes in atmo-

spheric circulation and also by modes of variability of the

ocean–atmosphere interactions in the Pacific and Atlantic

oceans, which in general affect the region in different

periods of the year (Harzallah et al. 1996; Kane 2001;

Molion and Bernardo 2002; Andreoli and Kayano 2007;

Cavalcanti 2012). One of those modes of variability is the

El Niño-Southern Oscillation (ENSO), associated with sea

surface temperature (SST) anomalies in the Central and

Eastern Equatorial Pacific oceans, which influences the

climate over many parts of the world and specifically the

rainfall regime over NEB in interannual periods (Andreoli

et al. 2004; Cavalcanti 2009; Kayano et al. 2013). While

ENSO is characterized by periodic cycles of 18–36 months

(Harzallah et al. 1996; Wolter and Timlin 2011), the Pacific

Decadal Oscillation (PDO)—a mode of variability associ-

ated with SST anomalies over north and equatorial Paci-

fic—has been reported to have cycles of 20–30 years

(Zhang et al. 1997). Positive (negative) phases of PDO are

expected to have more occurrences of intense El Niños (La

Niñas) and weak and less frequent La Niñas (El Niños)

(Mantua et al. 1997; Fang et al. 2008; Wang et al. 2014).

The SST of tropical Atlantic Ocean also influences

rainfall over NEB via the Atlantic interhemispheric SST

gradient (AITG), a cross-equatorial dipole formerly known

as the Atlantic Dipole (Moura and Shukla 1981; Servain

1991; Souza et al. 1998; Souza and Nobre 1998; Servain

et al. 2003). The AITG has a decadal variability

(10–12 years) and impacts the northeast region by shifting

the position of the Hadley cell and influencing the position

of the Intertropical Convergence Zone (ITCZ). The chan-

ges in the position of ITCZ are related to the way trade

winds reach NEB, enhancing or inhibiting rainfall (Moura

and Shukla 1981; Harzallah et al. 1996). Finally, it has

been shown that the main effects of La Niña over NEB are

the passage of frontal systems over the coasts of Bahia,

Sergipe and Alagoas states, and also positive anomalies of

rainfall over the semiarid part of NEB (Da Silva et al.

2010). The positive anomalies are associated with the

position of a Walker cell, which induces ascending and

descending air, and also with the position of the ITCZ,

which is modulated by the Atlantic SST (Rao and Hada

1990; Uvo et al. 1998). However, the extreme rainfall was

only observed when concurrent with specific conditions of

Atlantic Ocean SST: positive anomalies north of the

Equator and negative anomalies south of the Equator. This

result is in agreement with many other works on the tele-

connection between ENSO and the Atlantic Ocean and the

effects on rainfall over NEB, such as Silva et al. (2011),

who have shown in a detailed observational and modeling

work how different phases of PDO and ENSO interact to

change rainfall patterns over South America (SA). The

authors also speculate if SST anomalies over other regions,

such as the Indian Ocean, have an effect on rainfall over

SA.

The most used method of assessing the severity, dura-

tion and frequency of rainfall events is through the calcu-

lation of indexes, such as the Standardized Precipitation

Index (SPI) (McKee et al. 1993, 1995) or the Palmer

Drought Severity Index (PDSI) (Palmer 1965; Alley 1984;

Dai et al. 2004). These two indexes have been extensively

used in the last decades to inform farmers and decision-

makers on the severity of droughts (Alley 1984; Dai et al.

1998), on monitoring systems and forecast of crop pro-

ductivity (Lohani and Loganathan 1997) and on the anal-

ysis of rainfall variability (Goyal 2014; Panthou et al.

2014). The SPI enables the assessment of severity of

rainfall events in several temporal scales (e.g., monthly,

bimonthly, yearly), which can later be compared with the

temporal scales of climatic and weather systems influenc-

ing the region of study. Although the area of Alagoas state

is small, its location over NEB enables for the identifica-

tion of many weather and climate forcings that act over the

region, when compared to large-scale studies (Moura and

Shukla 1981; Torres and Ferreira 2011; Marengo and

Bernasconi 2015). Thus, the state is representative of the

main features of climate over NEB. Similar studies of SPI

and harmonic analysis were done over other similarly small

areas (Moreira et al. 2015), adding knowledge not only to

the local context of climate, but also supporting the studies

of large-scale influences of oceans over the continents

(Molion and Lucio 2013; Wang et al. 2014). Finally, since

SPI is a normalized index, it can be used for both humid

and dry climates, requiring only that long time series

([20 years) of rainfall be used, to capture with confidence

the most significant modes of variability. PDSI was not

calculated in this study since it requires more data, such as

air temperature, which was not available in all stations.

The atmosphere and oceans have many modes of vari-

ability (e.g., ENSO, PDO, or AITG), which evolve in time

and are dependent on the chronological sequence of events.

The characterization of such events can be made using time

series of variables, such as air temperature and rainfall, or

indices calculated from those variables. The study of time

series can reveal the principal modes of variability in the

past and help to predict the future values of the main

variables of climate and weather (Wilks 1995). Several

techniques have been used in recent years in studies of the

variability of rainfall, such as harmonic and spectral anal-

ysis (Nicholson 1997; Grimm et al. 2000), wavelet trans-

form (Penalba and Vargas 2004; Bombardi and Carvalho

2011) and gradient spectral analysis (Dantas 2008).

The relationship between extreme rainfall events in

NEB and the modes of variability of ENSO and Atlantic

Ocean SST anomalies have been reported in many studies

in recent years (Hastenrath and Heller 1977; Alves and
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Repelli 1992; Kane 2001; Andreoli et al. 2004; Andreoli

and Kayano 2007; Santos et al. 2010), but with little focus

on the eastern part of NEB (ENEB). The present study

reports on the variability of time series of SPI over the state

of Alagoas using harmonic and spectral analysis, relating

the most important harmonics to known influences, such as

ENSO and the Atlantic interhemispheric SST gradient.

2 Materials and methods

2.1 Characterization of the area of study

Alagoas state is located between latitudes 08�4805400 and

10�3000900S, longitudes 35�0900900 and 38�1505400W, and

with altitudes lower than 850 m above sea level. The state

borders the states of Pernambuco to the north and Sergipe

to the South, and the Atlantic Ocean to the East. The state

has 102 cities, and divided into six physiographic regions:

Zona da Mata (humid zone), Littoral (coastal zone), Sertão

(arid zone), Sertão do São Francisco (arid zone of São

Francisco River), Baixo São Francisco (lowlands of São

Francisco River) and Agreste (hinterland) (Fig. 1).

The state has a large variability in the spatiotemporal

distribution of rainfall due to its topography, proximity to

the ocean and the meteorological systems that affect the

region. Rainfall over the state occurs mostly from April to

August, characterizing the rainy season (Lyra et al. 2014).

According to the Köppen climatic classification, the

region’s climate is of the As’ type (savanna climate, with

dry summer and rainy winter and autumn), observed at the

humid zone, lowland São Francisco River, hinterland and

part of the coastal zone. The climate type Ams’ (monsoon

climate, rainy winter) is observed over the northern part of

the coastal zone, while the type BSs’h’ and BSsh’—arid

and semiarid climate—is observed over the arid zone and

arid zone of São Francisco River (Gois et al. 2005).

In general, the systems that have most effect on rainfall

over the state of Alagoas are trade winds, ITCZ, easterly

wave disturbances, frontal systems, upper tropospheric

cyclonic vortex, instability lines, mesoscale convective

systems, and land and sea breezes (Hastenrath and Heller

1977; Moura and Shukla 1981; Harzallah et al. 1996;

Molion and Bernardo 2002; Gois et al. 2005; Cavalcanti

2009; Lyra et al. 2014). It should be noted that several of

those systems are controlled by climatological modes of

Fig. 1 Study area showing the pluviometric stations and physiographic regions of Alagoas state, with the location of the state in Brazil shown in

the detail (top left)
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variability induced by ENSO, PDO and anomalies in the

SST of the Atlantic Ocean. In addition to the interannual

modes of variability, such as ENSO and PDO, the region is

also affected by intraseasonal and submonthly modes, such

as the Madden–Julian Oscillation (MJO) (de Souza et al.

2005). The intra-annual modes of variability are beyond the

scope of this paper and will be explored in a future work.

2.2 Time series of rainfall

The time series of monthly rainfall used for the calculation

of SPI were obtained from a network of rain gages from

Superintendência do Desenvolvimento do Nordeste

(SUDENE), which is available at FAO ClimNet—Food

and Agriculture Organization of the United Nations (FAO

2010) and Agência Nacional de Águas (ANA 2010). A

total of 33 stations were selected based on the availability

of records between 1960 and 1990, and time series of

31 years. A complete list of station’s location, altitude and

coordinates can be found in Lyra et al. (2014). Quality

control of data was based on descriptive statistics, box plots

and histograms, so that outliers could be identified and

removed from the analysis. The outliers from a given sta-

tion were compared to rainfall recorded at a nearby loca-

tion during the same period of the year (WMO 2006).

Linear regression was subsequently used to test whether

each outlier was representative of the climate trends of the

region (Štěpánek et al. 2009; Vicente-Serrano et al. 2010).

Finally, null values were also tested against the regions’

typical values and removed from the time series when

inside the outliers range (Vicente-Serrano et al. 2010).

The gaps introduced by the quality control were later

filled using regression analysis (Kite 1988; Allen et al.

1998; Vicente-Serrano et al. 2010). The time series were

then tested for temporal homogeneity to identify sudden

changes in statistical moments, such as the mean or the

variance. Such a test was carried out using cumulative

residuals between two nearby stations with similar rainfall

patterns (Vicente-Serrano et al. 2010). The identification of

stations with similar rainfall was done using clustering

analysis. More details on the quality control, clustering

analysis and homogeneity tests can be found in other recent

studies (Lyra et al. 2006; Oliveira-Júnior et al. 2012; Lyra

et al. 2014).

2.3 Standardized precipitation index

The SPI is used to quantify rainfall anomaly in different

time scales using long-term records of rainfall, usually

longer than 20 years (McKee et al. 1993). Here, SPI was

used at the annual scale for six physiographic regions of

Alagoas state. The rainfall record for each station was first

fitted to a gamma distribution when the parameters of

shape, a, and scale, b, were determined using the maximum

verosimilarity method (MVM) (Lyra et al. 2006). After-

wards the theoretical cumulative probability F(x) of a

rainfall event at the annual scale was calculated according

to the following expression:

FðxÞ ¼
Zx

0

f ðxÞdx ¼ 1

CðaÞba
Zx

0

xa�1e�
x
bdx ð1Þ

where f(x) is the probability density function and C(a) is

the incomplete gamma function for the parameter a, i.e., no

null values allowed (Thom 1958). The cumulative proba-

bility for all cases (null and not null) was calculated as:

F xð Þ ¼ F 0ð Þ þ ð1� F 0ð Þð ÞG xð Þ ð2Þ

where F(0) [= m/(n ? 1)] is the probability of occurrence

of a null value and G(x) is the cumulative distribution F(X),

with parameters estimated using only rainy days, where

m is the rank of null values in a climatological series and

n is the sample size. The cumulative distribution F(x) is

then transformed into a normal distribution for the random

variable Z (= (Xi - F50)/r), which corresponds to the

value of SPI. In the definition inside parenthesis, Xi is the

annual rainfall for year i, F50 is the 50 % accumulated

rainfall and r is the series standard deviation. The new

distribution is normal, with zero mean and standard devi-

ation of one [N (0,1)].

2.4 Modes of climate variability: ENSO

and Atlantic’s SST anomaly

Many indices have been proposed in the literature to

describe ENSO, e.g., the bivariate El Niño-Southern

Oscillation (Cañón et al. 2007), the cold tongue index

(Wolter and Timlin 2011), the Southern Oscillation Index

(Vegas-Vilarrubia et al. 2012) and the multivariate ENSO

index (MEI) (Wolter 1987), which is based on six meteo-

rological variables measured over the tropical Pacific.

These six variables are: sea level pressure, zonal and

meridional components of the surface wind, sea surface

temperature, surface air temperature and total cloudiness

fraction of the sky. Time series of MEI were obtained from

(Wolter 2016). The period was considered an El Niño year

when MEI was higher than ?0.5 for six consecutive

months. Conversely, a La Niña year was assumed when

MEI was lower than -0.5 for more than 6 months. If MEI

was within ±0.5 for more than 6 months, then the year was

considered neutral (Rasmusson and Carpenter 1982; Cañón

et al. 2007; Wolter and Timlin 2011).

The sign convention for the Atlantic interhemispheric

SST gradient was that used by Menezes et al. (2008): a

positive (negative) phase associated with positive (nega-

tive) anomalies of SST north of the Equator and negative
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(positive) anomalies south of the Equator. Specifically, the

sign is determined following this scheme: AITG is con-

sidered positive when the anomalies of North Atlantic SST

(60�W–20�W, 5�N–28�N) are greater than ?0.2 while the

anomalies on South Atlantic (35�W–5�E, 20�S–5�N) are

below -0.2. The negative phase is assumed when the signs

are inverted between North and South of the Equator. The

anomalies must be considered in the period from March to

May, a period that was reported before to be the best for

characterizing the AITG (Rao et al. 1993; Lucena et al.

2011). The phases of the Pacific Decadal Oscillation were

defined based on the PDO index (Mantua et al. 1997;

Zhang et al. 1997), which associates a positive (negative)

phase of PDO to more occurrences of intense El Niños (La

Niñas) and weak and less frequent La Niñas (El Niños). All

three modes of climate variability were combined in

Table 1, where events of ENSO were classified according

to the phases of PDO and AITG.

2.5 Harmonic analysis

Spectral analysis makes it possible to decompose a time series

into sines and cosines of different frequencies, assessing the

contribution of different time scales to the variability of the

signal (Wilks 1995). A time series with n elements can be

represented by n/2 sines and cosines oscillating around the

mean �y, as defined by the following equation:

yi ¼ �y þ
Xn=2

k¼1

Ckcos
2pkt

n
� hk

� �� �

¼ �y þ
Xn=2

k¼1

Akcos
2pkt

n

� �
þ Bksin

2pkt

n

� �� � ð3Þ

where k is an integer, Ck ¼ A2
k þ B2

n

� �1=2
is the amplitude,

hk ¼ arctan Bk=Akð Þ is the phase angle, and t is the time.

The value of Ck is determined as the maximum around the

mean while hk represents the maximum of the harmonic

function. The coefficients Ak ¼ Ckcos hkð Þ and Bk ¼
Cksin hkð Þ were fitted to the annual values of SPI using a

least-squares method.

It is not practical to use all the possible harmonics to

represent the time series, since many of them cannot be

distinguished from noise, and have no physical explana-

tion. Instead, the contribution of each kth harmonic to the

variance is calculated using the following equation:

r2
k ¼

n
2

C2
k

ðn � 1ÞS2
y

ð4Þ

where the numerator represents the sum of squares of the

kth harmonic and the denominator represents the total sum

of squares, with S2
y being the sample variance, and thus,

r2 ¼
Pn

k¼1 r2
k. Of all the n/2 harmonics which were avail-

able for the adjustment, only the first two were used, based

on the value of r2
k, since they contributed the most to the

variance. Those harmonics were then referred as ‘first’ and

‘second’, sorted from high to low frequency. It should be

noted that linear trends were removed the time series

before the use of the harmonic decomposition, to filter out

low frequencies which could not be reliably detected due to

the time series length.

The spectral analysis gives information on the phase of

the harmonics, measured in trigonometric degrees (0–360).

When analyzing the results, phases were converted to time

using the relationship between the period of the harmonic

and the observed angle. Thus, an angle of 180 degrees for a

harmonic of 10 years corresponded to a phase of 5 years,

i.e., half the range.

3 Results and discussion

3.1 Time series of SPI: harmonic analysis

The results of harmonic analysis were evaluated by groups

of stations defined previously for the state of Alagoas by

Lyra et al. (2014). In that study, Ward’s algorithm was used

in the clustering analysis, resulting in five groups with

homogeneous monthly rainfall: groups G1 and G2, distant

C115 km from the coast, and groups G3, G4 and G5, within

115 km from the coast (Fig. 1). The stations from groups

Table 1 Classification of years with ENSO events according to phases of PDO and AITG

PDO phase Cold Warm

ENSO

events

AITG

(?)

AITG (-) AITG neutral AITG (?) AITG (-) AITG neutral

La Niña 1970 1964, 1971, 1973,

1974

1962, 1968, 1975,

1976

– 1984, 1985,

1989

1988

Neutral – – 1960, 1961, 1967 1978, 1979, 1980,

1981

– 1990

El Niño 1966 1965, 1972 1963, 1969 – 1986 1977, 1982, 1983,

1987
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G1 and G2 had the lowest accumulated rainfall in the state

while the largest values were recorded in the stations of

groups G3, G4 and G5. A positive gradient of rainfall was

observed from South to North from G1 to G2 and from G3

to G5.

Two harmonics were used to characterize the variability

of SPI, with their r2 (Eq. 4) ranging from 0.28 (station 8) to

0.49 (station 1). The value of r2 did not varied significantly

within groups with homogeneous rainfall or between

groups. The amplitude and phase of the first and second

harmonics are shown in Figs. 2 and 3, respectively. The

first harmonic with a period of 10 years was prevalent in

stations of groups G1, G2, G3 and G5, except in station 17

of G3, with period of 5 years. The harmonic of 10 years

was also observed in half of stations of groups G4. The

other stations of G4 had harmonics of 15 years (stations 12,

21, and 25) and 30 years (23, 31 and 36). Most of the

stations of G4 with periods higher than 10 years were

located in the transition between the central coastal region

and the northern or interior regions of the state. The

influence of the 30 years harmonic and its possible rela-

tionship with the PDO could not be further explored due to

the limited size of the time series used in this study.

The periods of 10 and 15 years coincide with the period

of oscillation of the AITG, which is 10–12 years (Chang

et al. 1997). In addition, it has been reported a variability of

13–14 years of rainfall over north of NEB, associated with

the adjacent equatorial Atlantic, as well as a variability of

27–28 years, which was associated with the 30 years

oscillation of PDO (Hastenrath 2012). Finally, the inter-

annual variability (2–5, 5–7 years) and decadal variability

(15–22 years) were found to be related to ENSO and the

PDO, respectively, in a study over the Zona da Mata and

Central Coastal region of Alagoas (Silva et al. 2009, 2010).

The second strongest harmonic for most of the stations

(&88 %) had a period of 2.3 or 2.7 years (Fig. 3). The

exceptions were stations 9 and 10 (period of 2.1 years) and

stations 7 and 11 (period of 3.8 years). This harmonic was

most likely influenced by ENSO events, which are known

to affect this region and to have periods of oscillation of

1.5–3 years (Harzallah et al. 1996; Wolter and Timlin

2011). It follows that the influence of ENSO over the state

is much stronger and spatially homogeneous in comparison

with the first harmonic, as it is evident by the higher

amplitude of the second harmonic, denoted by the arrows

size, and the dominant phase angle of &135 degrees

throughout the state.

The adjustment of the first harmonic to the time series of

SPI was successful, since it matched the occurrence of the

majority of events (more than 80 % of agreement). How-

ever, &10 % of events occurred in disagreement with the

expected value, such as the drought of 1976 recorded in

stations 1–4, and 8–10, which occurred in a period when

SPI was expected to be positive according to the trends of

the first harmonic. The matching of the first two harmonics

to the SPI sign was also successful (54.8 %, in station 30,

to 90.3 % in station 12). The harmonics had amplitudes

between -1.24 and 1.24, which corresponds to moderate

Fig. 2 Period, amplitude and phase angle for the first harmonic applied to SPI data
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dry and moderate wet periods, resulting in r2 lower than 0.5

when accounting for the variance of SPI explained by the

harmonics. A certain degree of disagreement was expected,

since the adjustment of the harmonics is based on a mean

agreement with the time series, which finally leads to better

adjustment in some periods and more disagreement with

the data in other parts of the time series. While the sines

and cosines in the harmonic analysis are periodic and

infinite, the real oscillations in the time series change over

time, either to higher or lower frequencies. For example,

the decadal oscillation of the AITG started in the 70 s and

was not evident before that (Servain 1991).

3.2 SPI and climate variability modes

The harmonics described in this work were similar to the

ones found in a study of the variability of rainfall over NEB

(Harzallah et al. 1996). The work had an observational

component, using data from 1970 to 1988, and a statistical

part, using the singular value decomposition method. The

study area ranged from 36�W to 43�W, and from 2�S to

12�S, an extensive region which includes NEB. The first

oscillation found in that study was related to ENSO and the

North Atlantic Subtropical High, which influenced the

zonal circulation, and thus, the position of a Walker cell

over the region. The second oscillation had a period of

approximately 10 years, which was associated to the AITG

and influenced the meridional tropical circulation and the

position of a Hadley cell.

From a total of 33 stations, 26 (*79 %) had the first

harmonic of 10 years, while harmonics of 5, 15 and

30 years were present in 1, 3 and 3 stations, respectively.

While describing the results, the stations can be evaluated

into three patterns based on the first harmonic. The first

pattern includes the majority of stations (22), which are

located all over the state including the arid zone (G1 and

G2), hinterlands, the transition to the coast, and the

southern part of the coastal region (G3 and G4) (Figs. 4, 5,

6). According to Fig. 2, those stations have a phase angle

of *240�, which corresponds to a phase of between 6 and

7 years. The similar phase throughout the state suggests

that the decade-long influence on rainfall is registered

simultaneously over an extensive area, due to the large-

scale nature of the influence of the AITG. The absolute

value of this phase is more important when compared to the

phases in other regions.

Based on the periods identified by the first harmonic, a

pattern was established between the phases of PDO (cold

and warm), the values of SPI and the sign of AITG and

ENSO. When PDO was cold (1960–1976), SPI, AITG and

ENSO were positively correlated, i.e., years with negative

SPI (1960–1964 and 1970–1974) (Figs. 4, 5, 6) were more

frequent ([80 % of years) when AITG index and ENSO

were negative (Table 1), and vice versa for positive values

(1965–1969 and 1975/76). Conversely, when PDO was

warm (1977–1990), the relationship was characterized by a

negative correlation between SPI, AITG and ENSO, i.e.,

years with negative values of SPI (1980–1984 and

Fig. 3 Similar to Fig. 2, but for the second harmonic
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1989–1990) were more frequently associated with positive

signs of AITG and ENSO, while periods with positive SPI

(1985–1989) were correlated with negative AITG and

ENSO indexes.

Anomalies of rainfall around the globe related to ENSO

can be modulated by PDO. For example, some studies have

found that ENSO and PDO have a combined effect on the

distribution of anomalies of rainfall. This relationship can

be constructive, with strong and well defined anomalies

when ENSO and PDO have the same phase, or destructive,

when both modes are out of phase (Gershunov and Barnett

1998; Wang et al. 2014). In the tropics, the most important

influence of ENSO is on the sign of the vertical wind

velocity associated with a Walker circulation. The Walker

circulation associated with ENSO creates strong diver-

gence/convergence of water vapor when in phase with the

PDO and weak divergence/convergence when out of phase.

According to Wang et al. (2014), the phases of PDO

associated with PDSI have shown strong global changes in

wet/dry land conditions during winter when ENSO occurs

concurrently with a warm phase of the PDO. According to

that study, ENSOs out of phase with the PDO were related

to weak changes in wet/dry land conditions. On the other

hand, PDO have become negative in the last decades,

generating more events of La Niña, which induce wet areas

to become wetter and dry areas to become drier.

The second pattern is related to the stations with periods

of 5 years (station 17) or 15 years (stations 12, 21, 25—

Figs. 7, 8), which were located in the central part of the

state, next to the transition to the highlands in the north-

eastern part of the state (Fig. 1). It is difficult to establish a

pattern regarding the phases for those stations, since there

Fig. 4 Time series of SPI plotted with the first two harmonics for stations from group G1
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is only one with a period of 5 years, and the ones with

periods of 15 years have mismatched angles of 0�, 90� or

330� (Fig. 2). It is likely that the heterogeneity in phases

and periods in this region are due to the effects of the

topography, such as valley-mountain circulations, which

makes it difficult to compare the patterns of rainfall with

other regions of the state. Indeed, a study of rainfall over

the Basin of Mundaú River, where these stations are

located, has shown multiscale influences related to ENSO

and PDO (Da Silva et al. 2010).

The last pattern was associated with the stations on the

northern coastal region with a harmonic of 10 years and

phase angle of &190̊, which corresponded to 5 years

(stations 26, 32, 33, 34—Fig. 9). While the stations of

patterns 1–3 (Figs. 4, 5, 6) had a pattern associated with the

PDO and/or ENSO, the positive SPI for stations in Fig. 9

was not related to the PDO or ENSO. Based on the har-

monic analysis, periods with higher occurrence of positive

SPI (1963–1967, 1973–1977 and 1983–1987) were con-

current with periods with negative AITG. However, neg-

ative values of SPI were correlated with negative values of

AITG and ENSO during periods of cold PDO (1960–1962,

1968–1972). The relationships observed between SPI and

the modes of variability, for each pattern of harmonics, was

summarized in Table 2.

The relationships presented in Table 2 were also found

in many other studies of rainfall variability over other parts

of NEB. Hastenrath and Heller (1977)—using time series

of rainfall from 1912 to 1958 over the northern part of

NEB—have found that dry years coincided with positive

anomalies of SST over North Atlantic and East Tropical

Pacific, while negative anomalies in those regions were

related to years with rainfall above the average. The same

relationship between positive AITG and dry years was

described by Moura and Shukla (1981), for two stations in

the North of NEB, and by Rao et al. (1993), for the eastern

part of NEB. The effects of AITG on rainfall over NEB

were reported by Nobre and Shukla (1996) to be out of

phase between the northern and southern parts of the

region: dry years over the north NEB were preceded by wet

years over the southern part. Regarding the influence of

both AITG and ENSO on rainfall in the region, Pezzi and

Cavalcanti (2001) found that dry years (negative anomaly

of rainfall) were related to both positive AITG and ENSO.

The relationship for warm PDO and harmonic of

10 years described in this work is in agreement with works

of SST over the tropical Atlantic (Moura and Shukla 1981;

Harzallah et al. 1996), which observed that the positive

AITG influences the meridional position of a Hadley cell,

causing the subsidence part of the cell to be located over

the NEB, reducing evaporation, cloud formation and rain-

fall. Conversely, the negative AITG is associated with

favorable conditions for evaporation and rainfall.

The influence of PDO on rainfall anomalies found here

has been reported before in other studies about NEB.

Andreoli and Kayano (2005), using time series of rainfall

and reanalysis data, found that—during a warm PDO

phase—negative rainfall anomalies are associated with

Fig. 5 Time series of SPI plotted with the first two harmonics for stations from group G2
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both a cyclone positioned over Central and Northeast

Brazil and a weak anti-cyclone over Southeast South

America. In addition, Kayano and Andreoli (2007)

observed that between November and April the intensity of

teleconnections related to ENSO increase when PDO and

ENSO have the same sign, and vice versa. In a study using

a global circulation model (GCM) and observational data

for the austral summer also confirmed that negative

anomalies of rainfall over North NEB are associated with

both positive PDO and ENSO (Silva et al. 2011). Finally,

Lucena et al. (2011) used time series of anomalies of

rainfall together with simulations from a GCM and divided

the area of NEB in three sub-regions: north (NNEB), south

(SNEB) and east (ENEB). The stations of groups G1 and

G2 from this work were located in SNEB while ENEB

contained the groups G3, G4 and G5. The authors found that

negative anomalies of rainfall were related to positive

ENSO or AITG, in agreement with other works. However,

during La Niña years NNEB and ENEB regions had two

patterns: (1) during a cold PDO and negative AITG, more

Fig. 6 Time series of SPI plotted with the first two harmonics for stations from group G3

166 G. B. Lyra et al.

123



negative anomalies of rainfall were observed; (2) during a

warm PDO and positive AITG, more positive anomalies of

rainfall. This pattern is similar to the pattern observed for

the stations with the harmonic of 10 years. For the sub-

region SNEB, El Niño (La Niña) years coincided with

positive (negative) anomalies of rainfall, similar to the

pattern observed in this study for the harmonic of 10 years.

The results reported in Lucena et al. (2011) for different

sub-regions in NEB support the grouping of stations for

Alagoas state reported in (Lyra et al. 2014) and also the

influence of different harmonics in areas of the state. The

stations of groups G1 to G4, and G5 have characteristics

similar to the sub-regions SNEB and ENEB, respectively.

Even a state with small area relative to NEB can have

different responses to climatic modes if it is located in the

borders of large-scale regions influenced by the SST of

Atlantic or Pacific oceans.

4 Conclusions

Harmonic analysis was used with time series of SPI

(1960–1990) calculated using records from 33 rain gage

stations in the state of Alagoas, northeast of Brazil. Two

harmonics explained the most part of variability of SPI in

the majority of stations. The first harmonic had a period of

10–15 years, which was most likely associated with the

period of the AITG. The second harmonic had a period of

2–3 years, similar to the variability of ENSO. These results

are in agreement with other studies which associated the

Fig. 7 Time series of SPI plotted with the first two harmonics for stations from group G4 (part 1)
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effects of ENSO and the Atlantic SST with rainfall over the

northeast of Brazil. This study demonstrated that those

influences occur in different time scales and can be sig-

nificantly different even within the area of a relatively

small state such as Alagoas. The proximity to the coast or

the influence of the topography greatly influenced the

trends and frequency of occurrence of rainfall and values of

SPI.

It is well known that the combined phases of PDO,

AITG and ENSO influence the displacement of subtropical

anticyclones over the North and South Atlantic, which in

turn affect the ITCZ, the easterly wave disturbances, the

upper tropospheric cyclonic vortex and other meteorolog-

ical systems associated with rainfall in every region of

South America. To better understand the peculiarities of

rainfall in each region, one must take into account the

influence of meteorological systems and other synoptic

events, which will be considered in future works for this

state. Longer time series will also be needed to assess the

influence of long-term harmonics, such as the PDO, which

could not be considered in this analysis due to the time

series length.

The harmonic analysis is a powerful tool to identify the

principal modes of variability of SPI. Although the mag-

nitude of SPI is underestimated in some cases, this tool

significantly increases the knowledge of the main drivers of

rainfall and droughts in the region. The success of such

analysis depends on long time series of rainfall, so that

long-term trends can be identified with more confidence in

the time series. The analysis presented in this study can be

applied to other regions or climates. However, it is essen-

tial that the dataset is spatially extensive, covering the most

Fig. 8 Time series of SPI plotted with the first two harmonics for stations from group G4 (part 2)
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significant areas of interest, and also temporally regular, so

that the characterization of trends is not affected by gaps in

the data.

Finally, a descriptive analysis that shows the variability

and trends of droughts is crucial not only for economic

purposes (e.g., agricultural planning, civil defense, hydro-

power generation and weather forecast), especially in a

poor state like Alagoas, but also for the formulation of

public policies to address the negative impacts of such

extreme events in the long-run.
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