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Abstract. In this study, drought in Portugal was assessed us-
ing 74 time series of Standardized Precipitation Index (SPI)
with a 12-month timescale and 66 years length. A cluster-
ing analysis on the SPI Principal Components loadings was
performed in order to find regions where SPI drought char-
acteristics are similar. A Fourier analysis was then applied to
the SPI time series considering one SPI value per year rela-
tive to every month. The analysis focused on the December
SPI time series grouped in each of the three identified clus-
ters to investigate the existence of cycles that could be related
to the return periods of droughts. The most frequent signif-
icant cycles in each of the three clusters were identified and
analysed for December and the other months. Results for De-
cember show that drought periodicities vary among the three
clusters, pointing to a 6-year cycle across the country and a
9.4-year cycle in central and southern Portugal. Both these
cycles likely show the influence of the North Atlantic Os-
cillation (NAO) on the occurrence and severity of droughts
in Portugal. Relative to other months it was observed that
cycles varied according to the common occurrence of pre-
cipitation: for the rainy months — November, December and
January — cycles are similar to those for December; for the
dry months — May to September — where the lack of precipi-
tation masks the occurrence of drought, the dominant cycles
are of short duration and cannot be related to the NAO or
other large circulation indices to explain drought variability;
for the transition months — February, March, April and Octo-
ber — 6-year and 3-year cycles were identified, the latter be-
ing more strongly apparent in central and southern Portugal.
NAO influence is again identified relative to the 6-year cy-
cles. The short cycles are apparently associated with positive

SPI, thus with wetness, not drought. Overall, results confirm
the importance of the NAO as a driving force for dry and wet
periods.

1 Introduction

The cyclicity of climatic and Earth surface processes such as
precipitation, streamflow and droughts is the object of a vari-
ety of studies aimed at better understanding their variability
and identifying possible driving forces. With this objective,
some studies aimed at the reconstruction of past climate se-
ries to allow a better analysis of past and present droughts.
This was the case for a study used to reconstruct drought
time series with historical data (1502-1899) relative to the
south-eastern Mexico, that led to the discovery of cycles of
several periodicities likely related to the EI Nifio—Southern
Oscillation (ENSO) and solar activity (Mendoza et al., 2006).
Another example is a study using historical data from Sicily,
from 1565 to 1915, that also identified several periodicities
of droughts, particularly related to solar cycles (Piervitali and
Colacino, 2001).

Studies referring to recent time series of precipitation,
streamflow and drought indices are of particular interest for
understanding the influences of large scale indices of atmo-
spheric circulation on drought occurrence and severity. To
assess the cyclicity of drought occurrence, various methods
can be used and applied to those time series, such as various
approaches to the Fourier analysis (Rodrigo et al., 2000; Ya-
dava and Ramesh, 2007), also called spectral analysis (Bordi
et al., 2004a, b; Mitra et al., 1991; Telesca et al., 2013),
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and the wavelet transform analysis (Labat, 2006; Prokoph et
al., 2012; Li et al., 2013). Fourier analysis uses the Fourier
decomposition of series and the periodogram device (Pol-
lock, 1999; Bloomfield, 2000) with the aim of finding cycles
within a given time series.

Research generally aims at finding a better explanation of
time and space variability of the processes and relating the
detected cycles with the periodicity of sea-surface anomalies,
solar cycles or large-scale indices of atmospheric circulation.
Studies with annual or monsoon precipitation data series of-
ten identified cycles of around 11 years which were related to
solar activity cycles (Mazzarella and Palumbo, 1992; Mitra
et al., 1991; Yadara and Ramesh, 2007; Chattopadhyay and
Chattopadhyay, 2011). Studies on solar cycles were reported
by Tsiropoula (2003) and Hathaway (2010). The cycle of so-
lar activity is characterized by the rise and fall in the number
and surface area of sunspots ranging between 9 and 13 years
and averaging 11 years (Hathaway, 2010).

Streamflow periodicities could also be related to solar cy-
cles (e.g. Prokoph et al., 2012). A streamflow study rela-
tive to Europe (Labat, 2006) has shown interannual 4- to
5-year, 14-year and multidecadal 25- and 50-year oscilla-
tions. Gomiz-Fortis et al. (2011) studied streamflow vari-
ability in the Ebro basin and found that respective oscilla-
tion have different periodicity among the sub-regions con-
sidered. Rodriguez-Puebla et al. (1999) used 50-year series
of 3-month cumulated precipitation in the Iberian Peninsula
and applied principal component analysis (PCA). They de-
tected that the North Atlantic Oscillation (NAO) was the ma-
jor source of interannual variability in winter precipitation
and observed that the time series of precipitation and the
NAO had a common peak at about 8 years while showing a
significant coherence. An analysis of rainfall variability rel-
ative to southern Spain found an alternation of wet and dry
periods, with various periodicities, that allowed authors to
identify the NAO among the most possible causal mecha-
nisms in the region (Rodrigo et al., 2000). The precipitation
variability study by Lucero and Rodriguez (2002) stated that
“the first principal component of the transformed bidecadal
component of annual rainfall anomalies attains its positive
(negative) peak about 3 years before the bidecadal compo-
nent of NAO reaches its negative (positive) peak”.

Bordi et al. (2004a) using PCA applied to SPI with 24-
month timescale (SP1-24) for the Elba basin and Sicily found
significant peaks for periodicities of 9.6 years for Sicily and
12.0-9.6 years for Elbe basin. However, significant relations
with the NAO or the ENSO were not found. In addition, other
relevant peaks were close to the 11-year solar cycle. Telesca
et al. (2013) used the SPI with various timescales and ap-
plied a spectral analysis to each local time series in the Ebro
basin, Spain. For both the SPI-12 and 24, authors found cy-
cles of 3.1, 4.1, 5.3, 8.8 and 17.6 years for most locations.
The 3-5-year band was considered to be related to the NAO
(Telesca et al., 2013). Various studies show that cyclicity can
be found for precipitation, streamflow and droughts and that
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different methodological approaches lead to coherent results,
with observed cycles relating well with those of the NAO,
the AO and the ENSO, as well as with solar cycles. The
detected cyclicity varies among sub-regions identified with
PCA and cluster analysis. That cyclicity is both observed
for Europe and elsewhere. The precipitation study by Liang
et al. (2011) applied to Northwest China identified signifi-
cant periods of 2.3 and 3.3 years, i.e. not very different from
results by Bordi et al. (2004b) that characterized droughts
with SP1-24 and studied their variability with PCA in east-
ern China. The application of a spectral analysis to a prin-
cipal component led to the detection of peaks characterizing
the interdecadal, decadal and interannual variability. A broad
band peak was found for the interannual timescale of 3.7-
4.0 years; other peaks lie near 6.9-8 up to 16 years and larger.
Results by Liu et al. (2013) using the PDSI, also detected
cycles of 3-5, 5-7 and 8-10 years throughout the Qinghai
Province. Li et al. (2013) used clustering to define drought
sub-regions in Southwest China with SPI and observed dis-
tinctive temporal evolution patterns of droughts in each sub-
region. The cycles varied from 2-3 years to 57 years.

The results of a previous study with log-linear models ap-
plied to droughts in southern Portugal showed the existence
of a long-term periodicity that could reflect the natural vari-
ability of the climate (Moreira et al., 2006). This long-term
periodicity was expressed by the alternation between long
periods with high and low frequencies of severe and extreme
droughts. A recent study using ANOVA-like inference cou-
pled with log-linear models applied to 10 long series across
Portugal also suggested a cyclic behaviour of droughts with
periodicity ranging from 26 to 30 years, mostly for the sites
in central and southern Portugal (Moreira et al., 2012). These
studies suggested using Fourier analysis to detect the various
cycles that contribute to the variability of droughts. More-
over, since cyclicity varies from one region to another (Bordi
et al., 20044, b, 2006; Raziei et al., 2009; Santos et al., 2010;
Telesca et al., 2013), the use of PCA and cluster analysis has
been considered for identifying possible regions within the
country.

Recently, Martins at al. (2012) used PCA applied to the
SPI1-12 to identify the main spatial and temporal patterns of
precipitation and drought in Portugal. This approach could
then be combined with the Fourier analysis to verify if the
cycles would change with the considered region.

Considering the review presented, the objective of this
study is to detect the cyclicity of droughts defined through
the SPI-12 and to observe when that cyclicity varies among
identified regions within the country. On one hand, the anal-
ysis focused on the month of December, in the middle of the
rainy season, and the cyclicity of negative peaks of the SPI-
12, which indicate the possible cyclicity of droughts and any
possible influence on drought occurrence of large-scale in-
dices of atmospheric circulation. On the other hand, it was
also aimed at analysing the cyclicity of the SPI-12 for the
other months in the year, i.e. the dry and transition months.
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In contrast to Santos et al. (2010) and Telesca at al. (2013),
the adopted approach applies Fourier analysis individually
to each SPI-12 time series and an analysis of frequency on
the significant cycles found inside each sub-region was per-
formed in the following. Furthermore, a correspondence is
sought between the minima of the sinusoidal functions and
the moderate, severe and extreme drought events.

2 Data, SPI, clustering and Fourier analysis
2.1 Base information

The data consists of monthly precipitation time series from
1941 to 2006 (66 years) of 74 sites across Portugal (Fig. 1).
Data from weather stations were obtained from the meteo-
rological services (IPMA) and those of rainfall stations re-
fer to the environmental services (SNHIR). Data quality was
assessed using the Kendall autocorrelation test, the Mann—
Kendall trend test and the homogeneity tests of Mann Whit-
ney for the mean and the variance (Helsel and Hirsch, 1992).
To estimate missing values of monthly precipitation, mainte-
nance of variance extension techniques were applied (Hirsch,
1982; Vogel and Stedinger, 1985). These data sets, previously
used in other studies (e.g. Paulo et al., 2012; Martins et al.,
2012; Raziei et al., 2014) were completed with techniques
described by Rosa et al. (2010). Series retained did not have
more than 250 gaps and all series covered the referred period
of 66 years.

Precipitation based drought indices are the first indicators
of droughts, since hydrological droughts may emerge sev-
eral months after a meteorological drought has been initiated
(Wilhite and Buchanan-Smith, 2005). The Standardized Pre-
cipitation Index, SPI (McKee et al., 1993, 1995), which is
often used for identification of drought events and to eval-
uate their severity through well-defined drought classes, is
adopted in this study following results obtained in previ-
ous studies characterizing droughts in Portugal (Paulo and
Pereira, 2006; Santos et al., 2010; Martins et al., 2012).

The SPI is widely used because it is standardized and
therefore allows a reliable comparison between different lo-
cations and climates (Mishra and Singh, 2010). It may be
computed on shorter or longer timescales, which reflect dif-
ferent lags in the response of the water cycle to precipitation
anomalies (Steinemann et al., 2005). In addition, due to its
standardization, its range of variation is independent of the
aggregation timescale of reference, as well as the particu-
lar location and climate. The 12-month timescale, as well as
larger timescales, identifies anomalous dry and wet periods
of relatively long duration and relates well with the impacts
of drought on the hydrologic regimes and water resources of
a region (Vicente-Serrano, 2006), or to the effects of fluctua-
tion in rainfall over short intervals (Mishra and Singh, 2010).

Shorter timescales of less than 6 months are more useful
for detecting agricultural droughts and while longer ones,
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Figure 1. Spatial distribution of the meteorological stations (x) and
rainfall stations (A) used in the study and delimitation of drought
clusters; (* station included in cluster 3).

i.e. larger than 24 months, may be useful for considering im-
pacts on groundwater resources. For the Portuguese condi-
tions, where a dry summer period of nearly 6 months occurs,
droughts impacting the hydrologic regime are better assessed
using the 12-month timescale (Paulo and Pereira, 2006; San-
tos et al., 2010). Hence, previous studies on drought variabil-
ity and drought class transitions were performed with the SPI
12-month (Moreira et al., 2006, 2012; Martins et al., 2012).
Therefore, time series of SPI with a 12-month timescale
(SP1-12) were computed from the 74 monthly precipitation
time series. The respective monthly drought classes were
then computed based on Table 1.

The computation of the SPI index (Guttman, 1999) in a
given year i and calendar month j, for a k timescale was
performed with the following steps: (i) calculation of a cu-
mulative precipitation series

XGopi=1.nmj=1.,12k=12.12,. .

for that calendar month j, where each term is the sum of
the actual monthly precipitation with the precipitation of the
k-1 past consecutive months; (ii) fitting of a gamma distri-
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Table 1. SPI drought class classification (McKee et al., 1993).

Drought Time in
Code classes SPI values category (%)
1 Non-drought  SPI>0
2 Near normal —1<SPl<0 34.1
3 Moderate —-15<SPI<-1 9.2
4 Severe —2<SPI<-15 4.4
5 Extreme SPI<-2 2.3

bution function F(x) to the monthly series; (iii) computing
the non-exceedance probabilities corresponding to the cumu-
lative precipitation values; (iv) transforming those probabili-
ties into the values of a standard normal variable, which are
actually the SPI values. For example, when k& = 12 months,
the SPI in December includes the effect of precipitation in
December and in the previous 11 months. For the climate of
Portugal, SPI-12 values of December are considered a good
reference for drought monitoring because this month is cen-
tral in the rainy season; thus, when droughts occur the effect
of lack of precipitation in the previous months is then well
detected. In contrast, selecting a summer month, for instance
July, which falls in the dry season where precipitation is al-
most non-existent, the dryness identified may not be signif-
icant for drought monitoring despite the fact that the SPI-12
in July considers the effect of all precedent 11 months. In this
study, the main focus of the Fourier analysis was on the SPI-
12 for December, where the significant cycles retained for
continental Portugal are discussed (Sect. 3.2). Additionally,
a discussion of the drought cycles found using the SPI-12
for the remaining months, January—November, is provided in
Sect. 3.3.

In order to identify regions with the same spatial and tem-
poral patterns of droughts, a PCA on the SPI-12 was per-
formed and followed by a K-means clustering of the PC load-
ings provided by the PCA. The adoption of PCA followed by
a cluster analysis is justified by the need to take into consid-
eration the spatial variability of the periodicity that droughts
may assume. The PCA is a method commonly used in studies
of climate and is often applied to drought indices and precip-
itation to identify their patterns (Bordi et al., 20044, b, 2006;
Raziei et al., 2009; Santos et al., 2010). This method allows
reduction of the original dimensionality of the data through
forming new uncorrelated variables that are linear combina-
tions of the original ones and explain a large portion of the
total variance (Sharma, 1996). Here, the PCA was applied in
the S-mode (Richman, 1986), using the 74 SPI-12 time se-
ries in order to capture the drought variability which shows
the co-variability between stations considering its time vari-
ability (Martins et al., 2012). Furthermore, to identify regions
with different drought variability, the varimax rotation was
used (Raziei et al., 2009).
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The loadings obtained from the PCA, which represent the
correlation between the original data and the principal com-
ponents series, were then submitted to a cluster analysis. This
classification method is used to detect variables that are more
similar to each other and categorize them together in different
clusters (Sharma, 1996). From the various types of methods,
the K-means clustering was used herein since it is suitable
for climate data and also facilitates comparison of the results
with previous studies that used the same method (Santos et
al., 2010).

2.2 Fourier analysis of SPI-12 time series

Regular or near-regular cycles are often encountered in na-
ture. The Fourier analysis methodology can be referred to as
a method for uncovering hidden periodicities and, in particu-
lar, extracting regular cyclical components from the time se-
ries when the quantity of data is not excessively large. Fourier
analysis is a method based upon the Fourier decomposition
of a series, which is a matter of explaining the series entirely
as a composition of sinusoidal functions. This originates in
the idea that, over a finite interval, any analytic function can
be approximated, to whatever degree of accuracy is desired,
by taking a weighted sum of sine and cosine functions (Pol-
lock, 1999).

Letm =n/2ifnisevenorm = (n—1)/2 if n is odd, with
n the number of observations in a time series. The general
model for a cyclic fluctuation would include the frequencies,
wj = 2nj)/n, j =0,...,m which are equally spaced in the
interval [0, ] and take the form

m
ve= > fajisin(wjt) +ajzc0s(w;t) }+er.
j=0

where ¢ represents time, «; 1 and «j 2, j =0,...,m are es-
timable parameters and ¢;, t = 1,...,n are independent and
identically distributed random variables with null mean value
and variance o2, representing the residual element which is
called the white noise process (Pollock, 1999).

The factor 6; = \Ja% | +a%,, j =0,....m, is the ampli-

tude of the jth periodic component and indicates the impor-
tance of that component within the sum. The parameters o 1
and a2, j =0,...,m are estimated using the least squares
method and the expressions for their estimators are given by
(Pollock, 1999)

DV ~ _ 22;1:15in(60jl))’t.

o2 = —="——;0;1
n n

23 _jcos(w;t)y, j

a2 =1,...,m.

n
Then an estimator for 6;, 6, can be obtained and a statistic
to test the significance of the jth periodic component is given
by (Fisher, 1929; Nowroozi, 1967)
52
gj= —2/ ~2,j :1,...,m.
2.i=19;
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. L 62
The total sample variance is given by ZT=17I and the pro-

portion of that variance which is attributable to the periodical
.82
component at frequency w; is .
In order to provide a graphical representation of the sam-
ple variance decomposition, the elements of the total vari-

ance must be scaled by a factor of n. The graph of the func-
n2

. nos . . .

tion 7; = —- is known as the classical periodogram (Pol-
lock, 1999). The graphic representation of 7; for j =1,...,m
(Fig. 2), allows one to detect the existence of relevant peri-
odic components of the time series, as well as the importance
of each one. The wavelength, i.e. the period in time units of
the j-th periodic component, is given by p; =n/j.

In the current study, the number of observations is n = 66
in all locations, thus m = 33. For each of the studied time se-
ries, the I; for j =1,...,m was calculated and graphically
represented in order to visualize the highest peaks, which
correspond to the leading periodic components of the time
series. The observation of several high peaks indicates the
existence of several periodic components with different pe-
riods. However, in general, few of those peaks represent a
strong periodical signal that cannot be assigned to statistical
fluctuations in a merely white noise process.

The assessment of the statistical significance of a peak
involves testing the null hypothesis, Hp, that the observed
time series are purely white noise against the alternative, Hz,
stating that a periodic signal is present there. The statistical
distribution of the periodogram is well known for the even-
sampling case, which corresponds to equally spaced obser-
vations (Scargle, 1982). The most important result is that if
the observations in the time series are pure Gaussian noise
the I;, j =1,...,m are independent and exponentially dis-
tributed. In this situation, it is reliable to use the false alarm
probability to assess the statistical significance of the highest
peaks in the periodogram, which states that if Z =max (I;),
j=1,...,m is a maximum value of the periodogram, then
the probability for Z being over the set of the m periodogram
values is given by

Pr(Z>z)=1—[1—exp(—2)]".

So, a threshold zg can be used for detecting if a peak is sig-
nificant, which is defined as

20=~In[1= (1~ po)*/™,

where py is the false alarm probability, a fixed small value
usually selected between 0.01 and 0.1 (Scargle, 1982). For
instance, in the “Reguengos” December SPI-12 time series
(Fig. 2) the highest peak is attained for j = 11(/17 = 9.05),
which corresponds to a periodic component with a 6-year
period. Choosing a false alarm probability of 0.1, with the
number of periodical components m = 33, the value zg ob-
tained is 5.75, which allows one to conclude that the peak
is significant. In this time series, two other peaks are signif-
icant, those for j =2 and j = 7 corresponding to sinusoidal
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Figure 2. Reguengos: (a) graph of 7;, j =1,...,33; (b) SPI De-
cember values (grey dots) vs. fitted sinusoidal wave of 6-year period
(dashed line) vs. fitted model resulting from summing up the waves
with period 6, 9.4 and 33 years (black line).

waves with 33- and 9.4-year periods (Fig. 2). If one consid-
ers a false alarm probability of 0.01 instead of 0.1, then only
the peak for j = 11 with a 6-year period can be considered
significant.

The fitted sinusoidal function of 6-year period is presented
in Fig. 2 simultaneously with the Reguengos time series and
obviously has the best goodness of fit to the time series
among all other periodic components, R? =0.14 (dashed
line). For a better goodness of fit between the sinusoidal
wave and the time series, the cycles corresponding to the
significant peaks in the periodogram can be summed up,
thus j =2+7+11, to build a general model for a non-
regular cyclic fluctuation. In Fig. 2, the wave resulting from
summing up the significant cycles with periods 6, 9.4 and
33 years (black line) is also represented. Some improvement
of the goodness of fit is then obtained, with R? = 0.33.
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Figure 3. The most frequent drought class by month in Portugal (all), cluster 1, cluster 2 and cluster 3 (1 — non drought, 2 — near normal, 3

— moderate, 4 — severe, 5 — extreme).

3 Results and discussion

3.1 SPI spatial and temporal variability — drought
clustering

Based on North’s rule of thumb (North et al., 1982), two prin-
cipal components were retained from the PCA, which were
submitted to the varimax rotation. The first component, with
the highest loading in the north, explains 46 % of the total
variance and the second one, related to the south, explains
37.3%. Both components explain 83.3% of the total vari-
ance (Martins et al., 2012).

The K-means clustering of the loadings of these two prin-
cipal components shows three significantly different regions
within Portugal relative to drought variability, thus separating
the north from the centre and the south sub-regions (Fig. 1).
The identified clusters are consistent with the results found
by Santos et al. (2010), although using different time-series
with different lengths. The specific characteristics of the sta-
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tion of Cabo da Roca (represented with * in Fig. 1) makes
it closer to the drought variability of cluster three relative to
the second cluster; for that reason the analysis was performed
including that station in the southern cluster.

The most frequent drought class, i.e. the statistical mode
in each month for each of the three clusters were computed
to provide a global overview on the temporal evolution of the
drought classes in each of the corresponding regions (Fig. 3).
In this study, a drought event is considered a sequence of
months with drought class 3 or higher where the interval be-
tween droughts does not exceed 2 years. Thus, considering
this assumption, when observing Fig. 3 it can be noted that
during the entire 66-year time period there are 13 groups of
drought events in cluster 1; if considering just the classes 4
and 5, this number decreases to 9. For cluster 2, the num-
ber of drought events of classes 3-5 is 11 and decreases to 6
when considering only the classes 4 and 5. For cluster 3, the
number of events of class 3 or higher is 10 and, if considering
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Table 2. The counts per cycle and per cluster and its frequency (%) relative to the number of series included in each cluster (just the significant

cycles of the periodograms).

Counts Nr. series 33.0 220 165 9.4 6.6 6.0 4.7 4.4 33 2.6 2.0
Period in years
Cluster 1 32 3 2 1 2 0 27 13 3 0 1 0
Cluster 2 30 5 0 0 15 0 27 0 0 0 0 5
Cluster 3 12 2 0 0 12 3 11 0 0 2 0 3
Total 74 10 2 1 29 3 65 13 3 2 1 8
Frequency 330 220 165 9.4 6.6 6.0 4.7 4.4 33 2.6 2.0
Cluster 1 94% 63% 31% 6.3% 00% 844% 406% 94% 00% 31% 0.0%
Cluster 2 16.7% 00% 00% 500% 00% 900% 00% 00% 00% 00% 16.7%
Cluster 3 16.7% 00% 00% 100.0% 250% 91.7% 00% 00% 167% 0.0% 25.0%

only the classes 4 and 5, that number decreases to 8. These re-
sults do not show a clear tendency, as one moves from north
to south, regarding the severity and frequency of droughts;
however, considering only the extreme droughts it can be ob-
served that there are more events in the central and southern
clusters, four and three against just one in the northern re-
gion. From the observation of the three clusters in Fig. 3, one
may observe that the minimum time interval between groups
of severe and extreme drought occurrences is about 4 years
and the maximum time without severe droughts is approxi-
mately 27 years. This large period of 27 years without severe
and extreme droughts, which is observed in the first half of
the studied period, could indicate a trend towards drought
aggravation. However, as reported by Moreira et al. (2012)
using 10 time series with around 100 years length, there was
no evidence of a trend for aggravation. In contrast, for most
sites, results pointed to the occurrence of large cycles such
that a long period with more frequent and severe droughts
is followed by another long period where droughts are less
frequent and less severe (Moreira et al., 2012).

3.2 Fourier analysis — application to SPI1-12 relative to
December

The periodograms of the 12 SPI-12 subsets relative to
January—December values were computed for all the 74 lo-
cations and the significance of the cycles was analysed using
the false alarm probability considering the 0.1 significance
level, i.e. only the peaks above 90 % confidence level were
considered significant. The results referring to the periods of
the cycles corresponding to the significant peaks recorded in
the periodograms for the subset time series consisting of the
December values are compiled in Table 2 and grouped by
clusters. The counts per period and per cluster are presented
in this Table as well as the corresponding frequency relative
to the number of series included in each of the three clusters
expressed as percentage.

Considering the country total, the most frequent cycles are
those with periods of 6 years (65) and 9.4 years (29) (Ta-
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ble 2 counts total). When analysing the counts by cluster,
because clusters have different numbers of series, the fre-
quency in percent for each cluster is used (Table 2). In cluster
1, the most frequent cycles ordered by frequency are 6-year
(84.4%) and 4.7-year (40.6 %). In cluster 2, they are 6-year
(90 %) and 9.4-year (50 %), while in cluster 3 there are 9.4-
year (100 %) and 6-year (91.7%). The interdecadal cycles
with periods of 33 years are present in all regions but cycles
with 22, 16.5 and 13.2 years are only present in the northern
region (cluster 1).

Just three of the significant cycles found in the SP1-12 time
series have frequencies sufficiently high in the entire country
or in each of the three clusters: first, the cycle with a period
of 6 years, which has very high frequency (84-92 %) in the
three clusters; second, the cycle with a period of 9.4 years
with very high frequency (100 %) in cluster 3 and median
frequency (50 %) in the cluster 2; third, the cycle with a pe-
riod of 4.7 years which is moderately frequent (41 %) in clus-
ter 1. These results show that the cyclicity of droughts varies
among regions. In summary, the cycle with a 6-year period
has a very strong presence in the whole country whereas the
cycle with a 9.4-year period has a stronger presence in the
southern rather than in the central/northern region of Portu-
gal. The cycle of 4.7-year period is non-existent in central
and southern regions and it only appears in the northern clus-
ter.

Against our expectations, the large cycles with more than
a 20-year period have low frequency in all clusters. This fact
may relate to the technique adopted associated with the rel-
atively short length of time series, much shorter than those
used by Moreira et al. (2012). For instance, the large cycles
of 33 years are mainly frequent in cluster 2 and 3, but most
of them were not found significant in the periodogram.

Looking at the results from a point of view of inference,
since the number of time series included in cluster 1 and 2 is
large, respectively 32 and 30 stations, each one can be con-
sidered as a random sample respective of northern and central
regions. Thus, taking the counts of Table 2, an estimate for
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the probability that the return period of droughts is 6 years
in cluster 1 is given by 27/32 =84.4%. In cluster 2 that es-
timate is 27/30 = 90 %. Relative to cluster 3, the probability
estimates of 91.7 and 100 % respectively of the return period
of droughts being 6 and 9.4 years is likely overestimated be-
cause the number of time series in the sample is only 12 and
their spatial distribution is not the best; thus the sample may
not be representative of the population, even taking into ac-
count that cluster 3 is small. However, for the entire country a
reliable estimate for the probability of a 6-year return period
is given by 65/74 = 87.8 %.

In Figs. 4, 5 and 6, the time series for the SPI-12 relative to
December for the three clusters are shown with superposing
the most frequent waves: one of 4.7-year period in cluster 1,
another of 6-year period in clusters 1, 2 and 3, and a wave
of 9.4-year period in clusters 2 and 3. A correspondence be-
tween the minima of the waves and the SPI upper borders for
moderate drought (—1) and for severe and extreme drought
(—1.5) is established through arrows placed in these figures.
In Fig. 4, relative to cluster 1, one can observe that the wave
of 6-year period has 11 minima and nearly all of them co-
incide with events of moderate (—1.5 < SPI < —1) or severe
and extreme droughts (SPI < —1.5). Just one drought event,
in 1957, was missed by the wave. Therefore, a good visual
agreement exists between the minima of the sinusoidal wave
of 6-year period and the events of moderate or more severe
droughts that occurred during the study period. Relative to
the wave of 4.7-year period in cluster 1, from a total of 14
minima about 11 coincide with events of moderate, severe
and extreme drought. The degree of agreement for this wave
is less good than for the one with a 6-year period.

For cluster 2 (Fig. 5) a good agreement between the min-
ima of the 6-year period wave and the events of moderate,
severe and extreme droughts was observed; as for cluster 1,
the same drought event of 1957 was missed by the wave.
As for the wave of 9.4-year period, six out of a total of
seven minima coincide with events of moderate, severe and
extreme droughts. For cluster 3 (Fig. 6), the visual agree-
ment between the wave of 6-year period and the drought
events is not as good as for the previous clusters, with three
of the minima not coinciding with drought events and with
two events of moderate drought and one of severe drought
missed by the wave. Relative to the 9.4-year wave, one out
of the seven minima does not correspond with a drought
event. Furthermore, two moderate and one severe and ex-
treme drought events are missed by the wave. However, this
less good agreement for cluster 3 may be due to the low num-
ber of time series included there. In general, a visual relation
can be established between the Fourier waves and the events
of drought that occurred in each cluster during the study pe-
riod. The correspondence between the sinusoidal waves and
the drought cyclicity is not perfect because cycles in nature
are only near-regular, thus not providing for a full agreement
with regular waves.
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3.3 Application of Fourier analysis to SP1-12 time
series relative to the rainy, transition and dry
months

The results of the Fourier analysis applied to the SPI relative
to the months of January—November are summarized in Ta-
ble A.1 in the Appendix and illustrated in Fig. 7. The analy-
sis is performed considering three distinct groups: (1) a rainy
season including November, December and January; (2) a
dry season including the months between May and Septem-
ber; and (3) the transition months of February, March, April
and October. The most frequent significant cycles found for
December values, namely the 6, 9.4 and 4.7-year, are also ob-
served in the remaining months. The 6-year cycle is present
in the applications to all months but is less frequent in the
dry season. The 9.4-year cycle is less frequent, and can only
be found in cluster 3 for the rainy season. Other short-period
cycles with 3.1, 2.6 and 2-year show up with high frequency
for the dry season and the transition months.

Taking a closer look to Fig. 7, the following cycles are in
evidence:

— the 2-year cycle is frequent in the south, cluster 3, in the
dry season;

the 2.6-year cycle is found in the dry season and in
the transition months in cluster 1 and in the transition
months in cluster 2;

— the 3.1-year cycle has high frequency in clusters 2 and
3 in the transition months and the dry season;

— the 4.7-year cycle is present in the three clusters for Oc-
tober and November. Cluster 1 also shows the 4.7 year
cycle in December and January;

— the 6-year cycle has high frequency in general in all
clusters and months but not in the dry season months
in cluster 1;

— the 9.4-year cycle has high frequency in cluster 3 for the
months of the rainy season and, for the cluster 2, just for
December.

3.4 Discussion

The time series relative to every month, January through De-
cember, show a behaviour that differs for each month, which
relates to the conditions regulating the general circulation of
the atmosphere that also vary throughout the year. The short
period cycles of 2-3.1 years are in general statistically sig-
nificant in the months from March to September, thus out of
the rainy months. For the locations where the short cycles
are significant, waves of 2.6 or 3.1-year period were com-
pared with the correspondent SPI time series (not shown).
The maximum values of the wave have been shown to better
agree with the SP1 > 1.0, i.e. when the precipitation is above
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Figure 4. SPI-12 December values for northern Portugal (cluster 1) + waves of period 4.7 years (grey line) and 6 years (black line).
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Figure 6. SP1-12 December values for southern Portugal (cluster 3) + waves of period 6 (black line) and 9.4 years (grey line).

normal. This may indicate that the short cycles relate with
wet rather than dry years, therefore they are not useful to as-
sess drought behaviour.

Medium-period cycles are mainly statistically significant
in the months from November to April. The cycles of 6 and
9.4 years are representative of drought cyclicity since, as seen
previously (Sect. 3.2), there is a good agreement between
the Fourier waves and the drought events that occurred in
all clusters. Furthermore, in the years where a drought is in-
stalled, the December values of the SPI-12 reflect this situa-
tion through assuming highly negative values. This fact de-
notes the effect of the lack of precipitation in the precedent
rainy months; the same occurs with the SPI-12 relative to
January and February. Contrarily, in the rainy years, the SPI-
12 from May to September reflect precipitation above normal
that occurred in the precedent rainy and transition months.
Therefore, the short cycles, which relate with precipitation
above normal, are significant in the SPI values from May
to September, while the medium cycles, which relate with
drought, are significant for the months November to April.

The NAO plays a fundamental role in the Atlantic and
European climate, in particular, the negative phase of the
NAO regime is fundamental for the winter interannual vari-
ability of precipitation in Portugal (Santos et al., 2005),
whereas positive phases of the NAO are usually associated
with drought conditions (Santos et al., 2005, 2007). Vari-
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ous studies have shown that the NAO influences precipitation
(Trigo et al., 2002; Pires and Perdigdo, 2007) and stream-
flow (Trigo et al., 2004; Bierkend and Van Beek, 2009).
Thus, it is reasonable to relate the cyclicity of drought events
with large circulation patterns such as the NAQ. Santos et
al. (2007) studied the physical mechanisms responsible for
the extremely dry winter of 2004/2005 in Portugal and con-
cluded that the strengthening of the NAO toward its positive-
phase contributed to the extreme conditions of that particular
winter. Also, Sousa et al. (2011) showed significant correla-
tions between dry periods, measured with the self-calibrated
PDSI, and the positive phase of the NAO during winter on
the region.

Given the NAO influences reported in the precedent para-
graph, and the fact that a period of fluctuations of the NAO
index of 6-10 years has been found for Eurasia (Pollonskii et
al., 2004), the 6 and 9.4-year cycles identified in this study,
mainly relative to the winter months, are likely related to pos-
itive values of the NAO in the winter. However, the identified
NAO influence is only a first and rough approximation since
other large-scale patterns are also significantly coupled with
the winter precipitation in Portugal, e.g. the AO influences
(Santos et al., 2009).

Labat (2006) also assumed NAO influences on Euro-
pean surface water regimes in terms of multidecadal peri-
ods. However, in agreement with conclusions by Santos et
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Figure 7. Frequencies relative to each cluster per period cycle, gathered in three groups: November, December and January (wet season);
February, March and April (transition months); and May—September (dry season).

al. (2010), periodicities of more than 10 years, more fre-
quent in the northern region, are difficult to relate with the
NAO. This was also concluded by Kiicik et al. (2009) for
Turkey. Following the results reported by Tsiropoula (2003)
and Hathaway (2010), these multidecadal cycles may relate
to solar cycles.

4  Conclusions

Three main sub-regions characterized by different drought
variability were identified by combining principal compo-
nent analysis applied to SPI-12 time series with cluster anal-
ysis. A Fourier analysis was then applied to all SPI-12 time-
series included in the three sub-regions or clusters defined.
This approach differs from those that normally apply the
spectral analysis on the principal components of the studied
variables. Herein the Fourier analysis is applied individually
to each SPI time series and the frequency of the significant
cycles is analysed for each cluster.

The Fourier analysis, used to search for significant cycles
that could relate to return periods of droughts, was performed
using a SPI-12 time series respective to each month. The re-
sults of this analysis for the SPI-12 relative to December val-
ues are of particular interest since they are a good indica-
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tor for drought monitoring for the Portuguese climatic con-
ditions.

Results show that drought periodicities vary among the
three sub-regions and differ when different months are con-
sidered for the Fourier analysis. For the SPI-12 relative to
December, the main cycles identified are: (i) a cycle with a
6-year period compatible with NAO influences, doubtless the
most frequent across the country and, that generally shows a
good agreement with the range time of the drought events
that occurred in each region; (ii) the cycle of 9.4 years, also
likely related to the NAO, but that loses importance from
south to north, where it is nearly non-existent; (iii) the cy-
cle with a small period of 4.7 years, that is fairly frequent in
the northern region but is not significant in the central and
southern regions.

These results point to northern and southern Portugal hav-
ing different climatic influences that cause the strong pres-
ence of cycles with periodicities in the range of 6-10 years
in the time series of central/southern regions. As for the cy-
cles of SPI-12 in the remaining months, the results show that
the 4.7, 6, 9.4-year cycles can also be found but their fre-
quency varies with latitude (cluster) and with the month that
is considered. From October to January, the 4.7-year cycle is
evident in all clusters; the 6-year cycle is also frequent, but
it cannot be found in the dry season in the north, cluster 1;
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the 9.4-year cycle is also quite frequent, but only in the rainy
months.

Shorter cycles, 2-3 years, are identified and are significant
in the dry months in the south and in the transition months
in the north and centre. However they seem to be associ-
ated with cycles related to wetness, i.e. SPI > 1.0, instead
of drought. The adopted methodology, simpler than other
more complex techniques such as the wavelet transform anal-
ysis, allowed a good understanding and interpretation of the
drought periodicity. Furthermore, the Fourier analysis may
also be useful in long term drought prediction as it may pro-
vide an estimative relative to the return periods of drought
events.

Nat. Hazards Earth Syst. Sci., 15, 571-585, 2015

Overall, results are in agreement with other studies applied
to Portugal and the Iberian Peninsula despite differences in
the methodological approaches. Further studies to improve
the understanding of teleconnections between drought in-
dices and large-scale atmospheric circulation indices for Por-
tugal and the Mediterranean are being developed with the
aim of improving the predictability of droughts and support-
ing related risk management.
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Table Al. Frequency of the cycles (%) relative to the number of series included in each cluster (just the significant cycles of the peri-

odograms).
Period 33.0 22.0 16.5 9.4 6.6 6.0 5.5 4.7 4.4 3.3 3.1 2.8 2.6 2.0
Jan
Cluster 1 6.3% 31% 31% 0.0% 00% 87.5% 00% 375% 28.1% 0.0% 0.0% 0.0% 31.3% 0.0%
Cluster2 20.0% 0.0% 0.0% 20.0% 00% 83.3% 0.0% 0.0% 3.3% 0.0% 0.0% 0.0% 33.3% 3.3%
Cluster3 25.0% 0.0% 0.0% 66.7% 50.0% 83.3% 0.0% 0.0% 0.0% 0.0% 8.3% 00% 16.7% 16.7%
Feb
Cluster 1 6.3% 31% 31% 0.0% 00% 78.1% 0.0% 6.3% 0.0% 0.0% 21.9% 0.0% 125% 0.0%
Cluster2 20.0% 0.0% 0.0% 0.0% 00% 70.0% 0.0% 0.0% 0.0% 0.0% 46.7% 0.0% 40.0% 0.0%
Cluster3 250% 00% 0.0% 16.7% 41.7% 83.3% 0.0% 0.0% 0.0% 0.0% 100.0% 0.0% 16.7% 8.3%
Mar
Cluster 1 31% 31% 31% 0.0% 00% 46.9% 3.1% 3.1% 3.1% 0.0% 34.4% 0.0% 84.4% 0.0%
Cluster2 100% 00% 0.0% 0.0% 00% 633% 26.7% 0.0% 0.0% 0.0% 30.0% 0.0% 80.0% 0.0%
Cluster3 25.0% 0.0% 0.0% 16.7% 83% 66.7% 25.0% 0.0% 0.0% 0.0% 58.3% 0.0% 25.0% 16.7%
Apr
Cluster 1 31% 31% 6.3% 0.0% 00% 37.5% 3.1% 3.1% 6.3% 0.0% 125% 0.0% 78.1% 0.0%
Cluster2 133% 0.0% 0.0% 0.0% 0.0% 60.0% 36.7% 3.3% 0.0% 0.0% 43.3% 0.0% 50.0% 3.3%
Cluster3 25.0% 0.0% 0.0% 33.3% 83% 66.7% 25.0% 0.0% 00% 16.7% 58.3% 0.0% 83% 33.3%
May
Cluster 1 31% 31% 6.3% 0.0% 0.0% 125% 3.1% 94% 15.6% 0.0% 12.5% 0.0% 84.4% 0.0%
Cluster2 133% 0.0% 0.0% 0.0% 00% 40.0% 10.0% 6.7% 0.0% 0.0% 36.7% 00% 26.7% 10.0%
Cluster3 16.7% 0.0% 0.0% 16.7% 83% 50.0% 16.7% 0.0% 0.0% 8.3% 41.7% 00% 16.7% 75.0%
Jun
Cluster 1 31% 31% 63% 0.0% 00% 125% 31% 125% 156% 0.0% 0.0% 0.0% 84.4% 0.0%
Cluster2 10.0% 0.0% 0.0% 3.3% 00% 30.0% 16.7% 0.0% 0.0% 0.0% 46.7% 00% 233% 16.7%
Cluster3 16.7% 0.0% 0.0% 16.7% 83% 417% 16.7% 0.0% 0.0% 8.3% 41.7% 0.0% 00% 83.3%
Jul
Cluster 1 31% 31% 6.3% 0.0% 00% 125% 3.1% 31% 18.8% 0.0% 0.0% 0.0% 84.4% 0.0%
Cluster2 10.0% 0.0% 0.0% 3.3% 00% 233% 10.0% 0.0% 0.0% 0.0% 46.7% 00% 300% 16.7%
Cluster3 16.7% 0.0% 0.0% 16.7% 83% 41.7% 16.7% 0.0% 00% 16.7% 50.0% 0.0% 00% 83.3%
Aug
Cluster 1 31% 31% 63% 0.0% 0.0% 9.4% 0.0% 6.3% 18.8% 0.0% 9.4% 0.0% 68.8% 0.0%
Cluster2 10.0% 0.0% 0.0% 3.3% 00% 16.7% 6.7% 3.3% 0.0% 0.0% 46.7% 0.0% 20.0% 20.0%
Cluster3 16.7% 0.0% 0.0% 16.7% 83% 333% 16.7% 0.0% 0.0% 8.3% 50.0% 0.0% 00% 83.3%
Sep
Cluster 1 6.3% 31% 6.3% 0.0% 00% 15.6% 0.0% 156% 156% 0.0% 0.0% 0.0% 96.9% 0.0%
Cluster2 133% 0.0% 0.0% 10.0% 00% 36.7% 23.3% 0.0% 0.0% 0.0% 23.3% 00% 233% 13.3%
Cluster3 16.7% 00% 0.0% 25.0% 00% 41.7% 25.0% 0.0% 0.0% 0.0% 33.3% 8.3% 0.0% 83.3%
Oct
Cluster 1 31% 31% 31% 0.0% 00% 15.6% 0.0% 406% 125% 0.0% 0.0% 31% 90.6% 0.0%
Cluster2 133% 00% 0.0% 13.3% 00% 433% 100% 433% 3.3% 0.0% 20.0% 10.0% 13.3% 0.0%
Cluster3 16.7% 00% 0.0% 16.7% 00% 75.0% 83% 33.3% 0.0% 0.0% 8.3% 8.3% 0.0% 8.3%
Nov
Cluster 1 63% 31% 63% 0.0% 0.0% 50.0% 00% 71.9% 0.0% 0.0% 31% 125% 6.3% 0.0%
Cluster2 16.7% 0.0% 0.0% 20.0% 0.0% 66.7% 0.0% 66.7% 0.0% 13.3% 16.7% 3.3% 0.0% 0.0%
Cluster3 16.7% 0.0% 0.0% 41.7% 0.0% 91.7% 00% 91.7% 00% 16.7% 0.0% 0.0% 00% 16.7%
Dec
Cluster 1 94% 63% 31% 6.3% 0.0% 844% 0.0% 40.6% 9.4% 0.0% 0.0% 0.0% 3.1% 0.0%
Cluster2 16.7% 0.0% 0.0% 50.0% 0.0% 90.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 00% 16.7%
Cluster3 16.7% 0.0% 0.0% 1000% 50.0% 91.7% 0.0% 0.0% 00% 16.7% 0.0% 0.0% 0.0% 25.0%
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