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ABSTRACT

This paper focuses on time-space characterization of  drought conditions in the São Francisco River catchment, on the basis of  wavelet 
analysis of  Standardized Precipitation Index (SPI) time series. In order to improve SPI estimation, the procedures for regional analysis 
with L-moments were employed for defining statistically homogeneous regions. The continuous wavelet transform was then utilized for 
extracting time-frequency information from the resulting SPI time series in a multiresolution framework and for investigating possible 
teleconnections of  these signals with those obtained from samples of  the large-scale climate indexes ENSO and PDO. The use of  
regional frequency analysis with L-moments resulted in improvements in the estimation of  SPI time series. It was observed that by 
aggregating regional information more reliable estimates of  low frequency rainfall amounts were obtained. The wavelet analysis of  
climate indexes suggests that the more extreme dry periods in the study area are observed when the cold phase of  both ENSO and the 
PDO coincides. While not constituting a strict cause effect relationship, it was clear that the more extreme droughts are consistently 
observed in this situation. However, further investigation is necessary for identifying particularities in rainfall patterns that are not 
associated to large-scale climate anomalies.
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RESUMO

Este artigo enfatiza a caracterização espaço-temporal de secas na bacia do rio São Francisco, com base na análise de ondaletas de séries 
temporais do Índice Padronizado de Precipitação (SPI). Para melhorar a estimação do SPI, os procedimentos para análise regional por 
momentos-L foram empregados na delimitação de regiões estatisticamente homogêneas. A transformada contínua de ondaletas foi 
utilizada para extrair informações da série temporal de SPI no plano tempo-frequência e para investigar possíveis teleconexões desses 
sinais com aqueles obtidos de amostras dos índices climáticos de larga escala ENSO e PDO. O uso de análise de frequência regional 
com momentos L resultou em melhorias na estimativa de séries temporais de SPI. Observou-se que, agregando informação regional, 
foram obtidas estimativas mais confiáveis de precipitação com baixa frequência de ocorrência. A análise de ondaleta dos índices 
climáticos sugere que os períodos secos mais extremos na área de estudo são observados quando a fase fria do ENSO e do PDO 
coincide. Embora não constituindo uma relação estrita de causa e efeito, ficou claro que as secas mais extremas são consistentemente 
observadas nessa situação. No entanto, é necessária uma investigação mais aprofundada para identificar as particularidades dos padrões 
de precipitação que não estão associados a anomalias climáticas em larga escala.
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INTRODUCTION

Droughts have been understood as natural disasters, which 
are triggered by abnormally low levels of  precipitation during 
some prolonged time period. The shortage of  rainfall affects 
a wide range of  aspects related to water resources exploitation 
and management, encompassing water supply, irrigation and 
hydropower generation, among others. Drought conditions may 
jeopardize particular water uses, leading to potentially strong social, 
economic and/or environmental impacts. This fact, along with the 
increasing demands for water as a primary good for human and 
technological developments, has motivated a remarkable number 
of  studies regarding drought conceptualization and forecasting 
in the last 50 years (e.g., MISHRA; SINGH, 2010, 2011 and 
references therein).

Difficulties for precisely defining droughts have been long 
noticed in the literature. A comprehensive review on this topic is 
presented by Sayers et al. (2016). Yevjevich (1967) suggests that 
the range of  views on the concept of  drought is a major obstacle 
for investigating the phenomenon. In effect, drought conditions 
summarize complex interactions between climatological and 
hydrological variables and, as a result, it is often unfeasible to 
pool all meaningful intervenient factors into a single mathematical 
formulation or index (MISHRA; SINGH, 2010). Accordingly, 
definitions of  droughts are usually proposed within constraints 
related to their spatial extension, duration and the magnitude of  
their impact in water resources and human activities.

Several indexes have been utilized for characterizing drought 
conditions, such as the Palmer Drought Severity Index - PDSI, 
(PALMER, 1965), the Crop Moisture Index – CMI, (PALMER, 1968) 
and the Surface Water Supply Index - SWSI (SHAFER; DEZMAN, 
1982). Although describing somewhat general drought conditions, 
most of  these indexes are troubling for practical estimation, as they 
require the quantification of  the available water content in several 
components of  the water cycle besides the drought main driving 
process, i.e., precipitation. An increasingly utilized approach for 
estimating and forecasting meteorological drought conditions is 
the Standardized Precipitation Index (SPI), proposed by McKee, 
Doesken and Kleist (1993). SPI constitutes a simple probabilistic 
tool, whose estimation is solely based on aggregated precipitation 
amounts, and which is designed for evaluating how this quantity 
differs from normal conditions in a given area. SPI estimates 
may be thought as measures of  standard deviations, with respect 
to the average rainfall condition, whose magnitude translate the 
drought severity. This provides easiness of  computation and trivial 
interpretation to the referred drought index.

SPI has been widely employed in for assessing meteorological 
drought conditions, periodicity (SANTOS; PULIDO-CALVO; 
PORTELA, 2010; MOREIRA; MARTINS; PEREIRA, 2015) 
and mechanisms of  propagation through the water cycle 
(BARKER et al., 2016). In fact, as it constitutes a standardized 
measure, SPI allows straightforward comparisons of  cycles, duration 
and severity of  drought events across regions subjected to distinct 
climatic characteristics (MISHRA; SINGH, 2010). In addition, as 
distinct time scales may be used for rainfall aggregation, insights 
on the catchments’ lagged-responses to precipitation anomalies, 
which mainly depends on their hydrological and storage-related 
properties, can be readily obtained. (VAN LOON; LAAHA, 2015; 
BARKER et al., 2016).

Despite its simplicity, SPI, as any inference-based model, 
is deeply affect by the choice of  the parent distribution and the 
available information content, as summarized by the number of  
sample points. As a means for improving statistical estimation, 
in this paper we propose performing the computation of  the SPI 
time series within the regional frequency analysis with L-moments 
framework, as described by Hosking and Wallis (1997). Originally 
intended for hydrological information transfer, such an approach 
allows one to gather all available information across a region 
deemed statistically homogeneous for deriving dimensionless 
probabilistic models – the very concept of  substituting time for 
space. The increase in the sample sizes, as obtained from regional 
analysis, should entail more reliable estimates of  the parameters 
of  probabilistic models (e.g., SADRI; BURN, 2011). In addition, 
besides improved statistical estimation, the partition of  a given 
study area in homogeneous regions may provide a meaningful 
account on the drought spatial variability. This should be useful for 
identifying those locations more prone to water scarcity (SANTOS; 
PULIDO-CALVO; PORTELA, 2010; MOREIRA; MARTINS; 
PEREIRA, 2015) and for linking such spatial variation to large-scale 
and/or local climate driving processes (HUANG et al., 2017).

Reliably characterizing space-varying drought conditions 
via numerical indexes and statistical models is a major issue for 
water resources experts and planners. However, for obtaining a full 
picture on the drought behaviour, a more complete understanding 
of  the temporal dynamics underlying such a phenomenon is 
often required. A common and increasingly utilized approach for 
aggregating additional information on droughts’ time evolution is 
resorting to spectral analysis (TELESCA; VICENTE-SERRANO; 
LÓPEZ-MORENO, 2013; MOREIRA; MARTINS; PEREIRA, 
2015; VAN HOEK et al., 2016). This class of  methods is intended 
to express a time domain signal by means of  its frequency 
components and their respective power. In this way, periodic or 
quasi-periodic associated properties of  a physical process may 
be used for complementing the time series statistical analysis by 
revealing the dominating modes of  oscillation.

Natural cycles of  precipitation convey critical information 
on droughts frequency and on their links with exogenous forcing 
mechanisms (MOREIRA; MARTINS; PEREIRA, 2015). In fact, 
these cycles reflect the intra, annual and inter-annual time-space 
variability of  climate patterns, which, at least to some extent, might 
explain the very distinct drought regimes usually found even in 
small regions. In general, for analysing SPI stationary signals, the 
Fourier transform is usually sufficient for providing a summary 
on the features of  a given time series on the frequency domain 
(MOREIRA; MARTINS; PEREIRA, 2015). Nonetheless, due 
to the complexity of  intervenient factors from which the onset 
and duration of  droughts arise, SPI time series may exhibit 
non-stationary properties, which should limit the application of  
conventional spectral analysis tools. As an alternative, SPI time 
series may be explored using the Continuous Wavelet Transform 
(ZELEKE et al., 2017; ABDOURAHAMANE; ACAR, 2018).

Wavelet analysis has gained appeal in hydrological and 
climate sciences in the last two decades (TORRENCE; COMPO, 
1998; LABAT; RONCHAIL; GUYOT, 2005; YANG et al., 2009; 
MASSEI et al., 2009, 2010), as it presents several advantages over 
traditional spectral estimation techniques, especially for allowing for 
time- frequency localization in a multiresolution analysis framework 
(LABAT, 2005). Under this perspective, particular features of  a 
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physical process, such as intermittent oscillation patterns and 
changes in periodicities, could be identified along with those cycles 
that occur in a regular basis. In addition, techniques such as wavelet 
cross analysis and wavelet coherence provide appropriate tools 
for assessing the joint variation of  pairwise signals, which could 
be useful for uncovering cause-effect and phase relationships in 
physical processes (GRINSTED; MOORE; JEVREJEVA, 2004; 
ZELEKE et al., 2017).

In this paper, wavelet analysis is used in these contexts. 
The first part of  the study aims at investigating the time evolution 
dynamics of  drought conditions in the southern portion of  the 
São Francisco River basin, located on the Brazilian south-eastern 
region. The main objective of  this step is to identify periodic or 
nearly periodic patterns in SPI time series and to assess how drought 
cycles vary across the study area. Results from wavelet analysis may 
indicate those regions subject to shorter cycles, in which larger 
storage devices and special policies for drought protection may 
be required as a part of  drought risk assessment and mitigation 
strategies (SANTOS; PULIDO-CALVO; PORTELA, 2010). 
In addition, the wavelet spectra may reveal time-varying patterns 
in the main modes of  oscillation of  SPI time series, which could 
provide some evidence of  intensification or attenuation in the 
occurrence of  drought events in the sites being studied.

The second part of  the study is intended to detect 
teleconnections that drought events might present with large-scale 
climate phenomena, namely, the El Niño Southern Oscillation 
(ENSO) and the Pacific Decadal Oscillation (PDO), and to 
evaluate how such indexes affect the distinct homogeneous 
regions defined in the previous step. ENSO has been reported to 
influence precipitation anomalies and droughts in many parts of  
the world. In Brazil, its influence in the water cycle is more evident 
in the Northeast (e.g., MARENGO; TORRES; ALVES, 2017; 
CUNHA et al., 2018), Amazonian (LIMA; AGHAKOUCHAK, 
2017) and Southern regions (FERNANDES; RODRIGUES, 
2018). The links between PDO and rainfall patterns are also 
documented for these regions (KAYANO; ANDREOLI, 2004; 
STRECK et al., 2009). However, to the best of  our knowledge, 
only a few initiatives on investigating the effects of  these indexes 
on precipitation regimes have been attempted in the South-eastern 
and mid-western Brazilian states (BORGES; BERNHOFER; 

RODRIGUES, 2018; OLIVEIRA-JUNIOR  et  al., 2018) and 
thus further investigation concerning such teleconnections is 
provided here.

The remainder of  the paper is organized as follows: 
Section 2 contains an overview of  the original SPI framework and 
a proposal for improving its estimation using regional frequency 
analysis with L-moments. A brief  review of  the Continuous Wavelet 
Transform is also presented in this section. Section 3 addresses an 
application of  the method to time series of  rainfall and SPI in the 
São Francisco River Basin. Finally, section 4 presents concluding 
remarks on the method and results thereof.

THEORETICAL BACKGROUND

SPI estimation based on regional frequency analysis 
with L-moments

This section comprises a brief  overview of  the SPI 
calculation process and describes an alternative approach for 
enhancing the SPI estimation by means of  regional frequency 
analysis with L-moments, as suggested by Hosking and Wallis 
(1997). It is well established that L-moments estimators are more 
robust and usually more efficient as compared to the method 
of  moments counterparts (NAGHETTINI, 2017). Therefore, 
by basing the inference on the former, the calculation of  the 
SPI time series is likely to be less sensitive to the time series’ 
lengths and to the presence of  outliers. The SPI computation 
procedure is performed as follows. First, appropriate distribution 
functions, in terms of  goodness-of-fit, are fitted to cumulative 
rainfall amounts, as aggregated in moving widows with fixed 
time span - usually 1, 3, 6, 9 and 12 months, with the use of  the 
method of  moments. Next, the non-exceedance probabilities, 
as associated to each observed record, are estimated from the 
cumulative distribution function. Then, the obtained non-exceedance 
probabilities are used for computing the corresponding quantiles 
of  a standard normal distribution, which will constitute the SPI 
estimates for each duration. Figure 1 summarizes the outlined 
procedure. Some classes of  droughts, based on SPI values, were 

Figure 1. SPI calculation procedure.
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defined by McKee, Doesken and Kleist (1993). Reference values 
are provided in Table 1.

Reliable estimation of  the non-exceedance probabilities 
of  aggregated rainfall amounts inherently depends on sample 
sizes and on the selection of  the distributional model. 
Regarding the first issue, according to McKee, Doesken and 
Kleist (1993), time series with period-of-record longer than 
30 years are required for statistical analysis. For practical 
applications, however, Guttman (1998) suggests that the samples 
must preferably contemplate more than 60 years, which is a 
relatively rare condition, particularly in developing countries. 
For circumventing this problem, in this paper we suggest 
increasing sample sizes by aggregating regional information 
in statistically homogeneous regions, following the method 
proposed by Hosking and Wallis (1997). The rationale behind 
this method is that, given a probabilistic model for the rainfall 
amounts and a normalizing index, each of  these regions is 
described by a unique set of  parameters, according to the scale 
invariance principle. The delimitation of  homogeneous regions 
is based on heterogeneity measures. As for the dimensionless 
regional probability distributions, four models frequently used 
in hydrology were considered here, namely, the Generalized 
Logistic distribution, the Generalized Extreme Value distribution, 
the Generalized Normal distribution and the Pearson Type III 
distribution. These are models that encompass distinct decay 
behaviors in both lower and upper tails and should warrant 
that appropriate fits for aggregated rainfall random samples 
are obtained in all defined homogeneous regions.

Wavelet Continuous Transform and wavelet coherence

As mentioned before, the Continuous Wavelet Transform 
is an alternative to Fourier analysis for non-stationary signals. 
Wavelet functions, usually denoted by Ψ , are zero mean oscillating 
functions, localized in both frequency and time domains, which 
can be scaled by a factor s and translated by a factor u, as shown 
in Equation 1.

( )u,s
1 t ux t
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The Wavelet Transform of  a certain signal, x(t), can be 
defined as the convolution of  x(t) with scaled and translated 
versions of  *Ψ , in which (*) indicates the complex conjugate of  
the wavelet function. The wavelet transform for a discrete signal 
x(t), with time step δt, is given by:
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By resorting to Percival’s (1995) equation, which indicates 
that an inner product in L2(R) is preserved by the Fourier transform 
(up to a factor of  2π), the wavelet transform can be written as:
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where ˆtx  and *Ψ̂  are, respectively, the Fourier Transform of  the 
signal x(t), at time t, and of  the complex conjugate of  the wavelet 
function Ψ  at angular frequency kω , which is expressed as:
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where k = 0, ..., n-1 is the Fourier frequency index and ( ).1  is the 
indicator function. By using Equation 3 and a standard Fourier 
transform routine, it is possible to simultaneously and efficiently 
compute the continuous wavelet transform ( )nW s  for a given scale 
s, along the localized time index n (TORRENCE; COMPO, 1998).

In this paper, following the recommendation of  Grinsted, 
Moore and Jevrejeva (2004), we employed the Morlet wavelet 
function, as it provides a suitable balance between time and 
frequency resolutions. Such a wavelet function is given by

( ) 0i1/ 4 / 2e eω η ηΨ η π − −= 	 (5)

where 0ω  and η are dimensionless frequency and time parameters, 
respectively.

By substituting t u
s
− 

 
 

 for η in Equation 5, the shifted 
and dilated form of  the mother wavelet is given (TORRENCE; 
COMPO, 1998; LABAT, 2005). Following LABAT (2005), the 
Fourier transform of  the Morlet wavelet function is given by

( ) ( )2
0 / 2ˆ e ω ωΨ ω − −= 	 (6)

Wavelet theory may also be used for evaluating potential 
co-oscillation relationships between signals. A common tool for 
this is the wavelet coherence, which is a normalized measure of  
time and scale for the relationship between two time series x(t) 
and y(t) (SCHAEFLI et al., 2007). The wavelet squared coherency 
is defined as the absolute value squared of  a smoothed cross-
wavelet spectrum, normalized by the smoothed wavelet power 
(TORRENCE; WEBSTER, 1999).
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in which ( )XY
nWCS s  is the product of  the wavelet transform of  the 

two signals. The factor “s-1” is used to convert to an energy density 
and “S” is a smoothing operator related to wavelet scale axis and 
time separately (TORRENCE; WEBSTER, 1999; GRINSTED; 
MOORE; JEVREJEVA, 2004). The real part of  WCO2 represents 
the linear correlation between the signals at time t and scale s and 
the imaginary part denotes the phase between x(t) and y(t).

Table 1. Drought categories.
Categories SPI values Time in class

Extreme ≤ -2.0 2.28%
Severe -1.99 to -1.50 4.40%

Moderate -1.49 to -1.00 9.22%
Mild -0.99 to 0.00 34.1%

Source: Adapted from McKee, Doesken and Kleist (1993).
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APPLICATION TO THE SÃO FRANCISCO 
RIVER CATCHMENT

Study area and dataset

The São Francisco River is 2,700 km long, drains an area of  
about 640,000 km2, which encompass five Brazilian states, and has 
a population of  nearly 14,000,000 inhabitants. The study area is, 
however, restricted to the state of  Minas Gerais, which covers an area 
of  235,000 km2 and a population of  around 7,000,000 inhabitants. 
This portion of  the river is located between latitudes 14°13’S 
and 20°56’S, and longitudes 42°30’W and 47°33’W, as shown in 
Figure 2, and the catchment is characterized by intensive use of  
water resources and the presence of  major cities.

A set of  124 rainfall gauging stations, encompassing 
periods-of-record of  at least 25 years of  data, was used for regional 
analysis. Monthly rainfall time series were obtained by aggregating 
daily precipitation amounts collected from Brazilian official database 
Hidroweb. Filling of  missing data was performed by means of  
linear regression, using rainfall time series from nearby stations 

as predictors. It is worth mentioning that the gauging stations 
are not homogenously distributed, with a large concentration in 
the southeastern portion of  study area, which is located in the 
vicinities of  the metropolitan region of  Belo Horizonte, and a 
lower concentration in the northern and northwestern regions 
of  the State.

For entire set of  rainfall gauging stations, hypothesis tests 
intended to assess randomness (NERC’s turning points test), 
independence (Wald-Wolfowitz) and homogeneity (Mann-Whitney 
and Pettitt) were conducted (NAGHETTINI, 2017). The tests 
were performed considering rainfall aggregation in annual basis 
and at the significance level of  5%. For a few gauging stations, the 
null hypothesis of  independence was rejected. In the context of  
our paper, however, such a lack of  serial independence should not 
strongly affect the delimitation of  homogeneous regions. In effect, 
the resulting information content, materialized by the total number 
of  sample points in each of  these regions, is likely to be large, 
which tends to lessen the bias in the regional L-moment estimates.

As for the homogeneity tests, 9 stations were deemed 
inhomogeneous by the Mann-Whitney test, most of  them in the 

Figure 2. The San Francisco River Basin and its situation. The study area is highlighted in brown.
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northern portion of  the study area. For the Pettitt counterpart, the 
null hypothesis was rejected for 4 stations, with 2 of  them located 
in the referred part of  the catchment. Nonetheless, as the rainfall 
gauging station network is sparse in this area, and this fact may 
entail very large homogeneous regions, not necessarily governed 
by the scale invariance principle, we decided not to remove such 
stations from the analysis.

In addition to rainfall data, large-scale climate indexes 
information was used for investigating teleconnections. Records 
of  ENSO intensity, spanning from 1950 to 2006, are available in 
CPC (2019). On the other hand, PDO data, whose period-of-record 
contemplates the years between 1900 and 2011, was obtained in 
JISAO (2019).

Definition of  hydrological homogeneous regions and 
regional probability distribution functions

The application of  Hosking and Wallis’ routines for 
regional analysis, comprising discordance and heterogeneity 
measures, resulted in 10 distinct homogeneous regions, each 
one of  them associated to a specific dimensionless regional 
frequency distribution. Such regions are shown in Figure 3. 
It is possible to note that homogeneous regions further south 
(especially regions 7 to 10) are smaller than the others, whereas 
the regions further north are significantly larger (especially 
regions 1 to 4). We believe that the reason for this difference 
is associated, to some extent, to the total rainfall amounts 
observed in these regions. The northern regions have semi-arid 
characteristics, whereas the southern regions are relatively 
wet. It is also possible that the distinct terrain topographic 
characteristics have some impact in this difference, since the 
southern regions had to be subdivided progressively until the 
final configurations matched the criteria of  homogeneity and 

a unique regional probability distribution could be fitted to 
each homogeneous region.

The dimensionless regional probability distributions were 
selected on the basis of  the L-ratio diagrams and the goodness-of-fit 
measure proposed by Hosking and Wallis (1997). Although the 
Generalized Extreme Value distribution and the Pearson Type III 
distribution be generally utilized the for modeling of  block-maxima, 
in this study they were used to model the entire random sample, 
including minimum, mean and maximum values. No further issues 
with their use are expected, since these distributions provided 
appropriate fits for samples comprising the entire spectrum of  
rainfall amounts.

An expeditious comparison was performed between SPI 
time series obtained with the original methodology, as described 
by McKee, Doesken and Kleist (1993), and those estimated 
with the regional analysis with L-moments. Such a comparison 
revealed that, although the most common rainfall volumes were 
associated to similar SPI values, those precipitation amounts with 
lower exceedance probabilities can be considerably distorted. 
The largest distortions were noticed in regions 01, 06 and 07, as 
shown in Figure 4. Such differences may be related to unsuitable 
descriptions of  the rainfall distribution upper tails when the Gamma 
model is utilized for SPI computation (see KATZ; PARLANGE; 
NAVEAU, 2002; PAPALEXIOU; KOUTSOYIANNIS, 2016; 
COSTA; FERNANDES, 2017, for details on the upper tails of  
environmental random variables), and, at least to some extent, 
to more reliable parameter estimates obtained by means of  the 
regional models, which also improves the estimation of  the 
non-exceedance probabilities of  aggregated rainfall amounts.

Wavelet analysis of  SPI time series

For the analyses in this paper, we utilized the 9-month SPI. 
This choice was based on the rainfall average behavior in the study 
area. In fact, almost all observed rainfall occurs from October to 
April and, thus, the 9-month scale is appropriate for encompassing 
this entire period. After estimating SPI values, the resulting time 
series were subjected to time-frequency multiresolution analysis. 
The estimation of  wavelet power spectra and the significance 
tests were carried out with R routines developed by Gouhier, 
Grinsted and Simko (2018). As an example, details on time-
frequency domain information provided by wavelet analysis in 
region 01 is shown in Figure 5. Statistically significant cycles of  
16 years were identified, designating 1970 as the core year, within 
the cone of  influence. Cycles of  2 to 4 years are verified between 
1940 and 1960, and these cycles apparently become larger from 
the latter until the early 1990’s. For practical purposes, the very 
possibility of  evaluating such kind of  changes in periodicity along 
the period of  record may constitute an advantage of  wavelets 
over traditional spectrum analyses techniques (see for instance, 
SANTOS; PULIDO-CALVO; PORTELA, 2010).

Wavelet analysis results in other homogeneous regions are 
shown in Figure 6. 16-year cycles are observed in the Southern, 
western and northern regions of  the study area. Such cycles, 
however, are not evident in the central and eastern portions of  
the catchment. In these locations, the larger identified cycles 
have approximately 8 years, beginning in the decade of  1970. 

Figure 3. Hydrological homogeneous regions. Black dots denote 
stations not rejected in the Mann-Whitney and Pettitt tests. Red 
dots indicate stations rejected in the Mann-Whitney test. Black 
crosses indicate stations rejected in the Pettitt test.
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Finally, 2 to 4-year cycles are frequent in almost all homogeneous 
regions. Nonetheless, these shorter cycles are irregularly distributed 
along the period-of-record. In turn, it is worth mentioning that 
most of  the referred cycles were also identified by Vásquez et al. 
(2018) in São Paulo with the use of  a discrete wavelet transform, 
which may suggest that these are representative of  a larger area 
in the Brazilian southeastern region.

In spatial terms, it is possible to observe that in the 
mid-western portion of  the study area, encompassing regions R3, 
R4 and R5, the referred intermittent short-term oscillations occur 
less frequently, suggesting that these areas are less prone to drought 
cycles. For regions R7 to R10, on the other hand, the opposite is 
verified: the intervals between short-term oscillations are relatively 
shorter, which may entail more frequent drought cycles. This fact 
may be further aggravated by the intensive demands of  water for 
human consumption, irrigation and industrial use in this region, 
which may require very complex water systems and policies for 
dealing with the trade-off  between exploitation of  water resources 
and the higher frequency of  drought events.

Teleconnection patterns with ENSO and PDO

Figure 7 presents the wavelet analysis of  the ENSO time 
series from 1950 to 2006. Two frequencies, corresponding to the 
4-year and the 16-year oscillation patterns, presented significant 
power spectrum, at the 5% significance level. These two cycles 
prevail throughout almost all the period-of-record. The oscillation 
in the longer cycles is very evident in the analysis of  this signal. 
This observation reinforces the point raised by Torrence and 
Compo (1998) that, in addition to the observed 4-year cycles, 
the ENSO phenomenon is also subject to modulations of  
approximately 15 years.

The PDO wavelet analysis, whose results are shown in 
Figure 8, for the period from 1930 to 2006, revealed a short cycle 
of  approximately 6 years during the 1950’s, and another cycle of  
about 32 years spanning from 1940 to 1965. The latter, however, 
is located outside the cone of  influence and therefore cannot be 
considered statistically significant. It may point out, however, to 
very low frequency patterns that may indicate a non-stationary 
behavior of  the signal. From 1925 to 1946, the PDO was in the 
warm phase, whereas from 1947 to 1976, the index remained in 
the cool phase.

Figure 9 presents the squared WCO power contrasting 
the SPI and ENSO series. Here, the warm colors denote a high 
degree of  linear correlation between cycles, whereas the cold 
colors mean otherwise. One may notice that, for the northern 
and central parts of  the study area, the 16-year cycles are strongly 
correlated throughout most of  the period-of-record. This is 
particularly evident in the 70’s, which coincides with a cold 
phase of  ENSO. For the southern portions, the referred cycle is 
remarkably weaker until de decade of  1990, and from this point on 
it becomes significant. We acknowledge that unreliable estimates 
of  the power spectrum are likely to be obtained outside of  the 
cone of  influence. Nonetheless, there is evidence that the longer 
SPI cycles are conditioned by negative anomalies in ENSO. This 
is also supported by the findings of  Awange, Mpelasoka and 
Gonçalves (2016), who employed a 112-year 12-month SPI time 
series for spectral analysis.

Other significant correlated yet intermittent cycles are 
observed for high frequencies, mainly between 2 and 4 years. These 

Figure 4. Scatterplot of  SPI estimates obtained from local and regional analysis.

Figure 5. Wavelet analysis in region 01. Warm colors denote 
high values of  the power spectrum and cold colors denote low 
values. The black thick contours represent significant areas at the 
5% significance level.
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Figure 6. Wavelet spectra over homogeneous regions. Warm colors denote high values of  the power spectrum and cold colors denote 
low values. The black thick contours represent significant areas at the 5% significance level.

Figure 7. Wavelet Analysis applied to ENSO. Figure 8. Wavelet Analysis applied to Pacific Decadal Oscillation.
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are often related to warm phases of  ENSO. Again, the wavelet 
coherences appear to be stronger in the northern homogeneous 
regions. However, for these periodicities is not straightforward to 
distinguish spatial patterns. A similar condition was observed by 
Blain (2012) in rainfall gauging stations spread across the nearby 
Brazilian state of  São Paulo.

When analyzing the coherence between SPI and PDO time 
series (not shown here), no persistent pattern of  co-oscillation 
was revealed. Intermittent cycles spanning from 2 to 4 years were 
verified in regions R1, R3 and R4 until the early 90’s, when they 
became significant in all regions. However, although a few coherent 
periods may be observed, no evident relationship between SPI and 
PDO could be found in the study area. This fact was somewhat 
expected since no periodic components were clearly identified 
for this climate index, at least for evaluated wavelets scales. Such 
a feature, however, may not hold for longer time series. In fact, 
Awange, Mpelasoka and Gonçalves (2016) demonstrated that 
there exists a significant negative correlation for the 12-month 

SPI and PDO samples, which span more than a hundred years, 
in the Brazilian southeastern region.

For further exploring the influence of  large-scale climate 
indexes in rainfall deficits in the São Francisco River catchment, 
we have tracked those years with most severe drought conditions, 
as materialized by SPI values lower than -2, and investigated 
the concomitant behavior of  PDO and ENSO with respect to 
their normal conditions. This analysis provided some insights on 
the drought dynamics in the study area. In fact, it was possible 
to note that the cold phase PDO predominated in 15 of  the 
18 driest years. In nine of  these years, the cold phase ENSO 
was coincident with cold phase PDO. This may suggest that 
droughts in the entire catchment are likely to be more intense 
when PDO and ENSO are simultaneously in their cold phase. 
Obviously, this is not the only factor that leads to the onset of  
droughts in the study area. Nonetheless, it may be expected that 
drought conditions could be aggravated when such a climate 
anomaly occurs.

Figure 9. Wavelet coherence between SPI and ENSO over homogeneous regions. Warm colors denote a high degree of  linear 
correlation between cycles and cold colors mean otherwise.
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CONCLUSIONS
This paper presented a time-space characterization of  

drought conditions in the São Francisco River catchment, on the 
basis of  wavelet analysis of  9-month SPI time series. In order to 
improve SPI estimation and its spatial variability, the procedures for 
regional analysis with L-moments, as recommended by Hosking and 
Wallis (1997), were employed for defining statistically homogeneous 
regions, which are described by a unique probabilistic model under 
the scale-invariance principle. The continuous wavelet transform 
was then utilized for extracting time-frequency information from 
the resulting SPI time series in a multiresolution framework and 
for investigating possible teleconnections of  these signals with 
those obtained from samples of  the large-scale climate indexes 
ENSO and PDO.

The use of  regional frequency analysis with L-moments, 
in fact, resulted in improvements in the estimation of  SPI time 
series. It was observed that, by aggregating regional information, 
more reliable estimates of  low frequency rainfall amounts were 
obtained. This also holds, for most cases, for more accurate 
estimation of  severe drought events. In addition, it is worth 
noting that most of  the obtained dimensionless probability 
distributions, as selected by means L-moment ratio diagrams and 
Hosking and Wallis’ goodness-of-fit measure, were heavy-tailed. 
This fact suggests that, at least for the study area, the Gama 
probability function, which is prescribed by McKee, Doesken and 
Kleist (1993) in the original SPI computation routine, is unable 
to provide appropriate fits to rainfall data, in several time scales. 
Most reliable estimation of  the SPI index are of  great interest to 
managers, as they can more precisely determine how extreme the 
drought situation is. Regional analysis also showed relationships 
between the sizes of  the defined homogeneous regions and the 
precipitation regime. In fact, for those areas in which the mean 
annual rainfall was smaller, the identified homogeneous regions 
were significantly larger.

Spectral analysis revealed spatial distinctions between cycles 
across the defined homogeneous regions. In effect, dominant cycles 
of  approximately 16 years were verified in almost all the study 
area, apart from its eastern portion. The short cycles, on the other 
hand, occurred on intermittent basis for all homogeneous regions. 
However, very different patterns of  temporal evolution were 
visualized in each region, pointing to possibly distinct mechanisms 
governing short-term drought cycles. In addition, the southern 
portion of  the study area, which is also the most urbanized and 
densely populated, appears to be more prone to higher frequency 
drought cycles. As a result, more specific strategies for drought 
risk assessment and protection may be required in this region.

The wavelet coherence analysis suggested that anomalies 
in ENSO, both in warm and cold phases, may be related to 
drought cycles. For lower frequency oscillations, such as those of  
approximately 16 years, significant correlations were observed for 
SPI time series and ENSO in its cold phase. On the other hand, for 
short-term cycles, spanning from 2 to 4 years, the correlation was 
significant for the ENSO warm phase. As for the PDO index, no 
clear joint variation structure with the 9-month SPI time series was 
identified. It should be noted, however, that it proved very hard 
to define clear periodicities of  droughts over time, even when the 
effects of  the teleconnections are accounted for. Such difficulties 
were nevertheless expected in the study area, as the Brazilian 
Southeast constitutes the natural path for most air masses acting 
in South America in their way to the Atlantic Ocean, which causes 

great complexity in atmospheric circulation and low predictability 
of  the behavior of  rainfall over time. In other words, although 
some influence of  large-scale circulation is perceived, one may 
not establish a strict cause-effect relationship between droughts 
and the evaluated climate indexes.

A closer look at the joint behavior of  the three time 
series suggests that the more extreme dry periods in the study 
area are observed when the cold phase of  both ENSO and PDO 
coincides. It was possible to infer that the more extreme droughts 
are consistently observed in this situation. The combination 
of  certain conditions, yet to be identified, with these climate 
indexes, both in their negative phases, is likely to induce more 
extreme droughts. However, further investigation is necessary 
for identifying particularities in rainfall patterns that are not 
associated to large-scale climate anomalies in order to obtain a 
more complete understanding of  the drought dynamics in the 
São Francisco River catchment.

Finally, the proposed method is useful for identifying 
meteorological droughts, which, in the context of  the study, is 
solely expressed by SPI values below -1. Meteorological droughts 
are at the very genesis of  other categories of  drought and tracking 
the temporal evolution may reveal the predisposition of  a given 
area to other drought typologies. Drought-related impacts, on the 
other hand, are just readily assessed for these other typologies, 
which depend on the mechanisms for drought propagation, 
mainly the catchment’s storage conditions, and on the drought 
severity. Evaluating these impacts constitute a research avenue to 
be explored in future works.
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