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Abstract Several climatic cycles in Andalusia (southern Spain) have been identified
by using precipitation and temperature data from most of the twentieth and the early
twenty-first centuries at 707 meteorological stations. Some of the cycles detected
had been recognized in previous studies, such as the 3-year cycle and the 7/8-year
cycle, which were the most common periodicities across the study area. Spectral
analysis was used for statistical analysis. The power spectrum estimator used is the
smoothed Lomb-Scargle periodogram. The results reveal very interesting spatial
patterns that had not been seen before in previous climatic studies, which illustrate a
combined and complex influence of the North Atlantic Oscillation and the Mediter-
ranean Oscillation. In general, the precipitation record studied presents better results
than the temperature record, which offers less clarity in assessing climatic variability
in Andalusia. Nevertheless, most of the cycles identified in the precipitation record
were detected in the temperature record as well.
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Introduction

Andalusia (southern Spain) is a region characterized by huge climatic contrasts, i.e.
the ‘Sierra de Grazalema’ in the southwest is the wettest place on the entire Iberian
Peninsula with average rainfall of over 2000 mm/year, whereas the ‘Desierto de
Tabernas’ in the southeast is considered the driest place in Continental Europe with
less than 150 mm/year on average. The influence of both the Atlantic Ocean and
the Mediterranean Sea on this area of 87,597 km?2, plus the presence of the Betic
Cordillera with altitudes above 3000 m.s.1. (metres above sea level), make this region
unique from a climatic point of view and very interesting for analysing the evolution
of climate from past to present times, especially during the most recent periods. Thus,
Andalusia could be seen as a natural laboratory for the study of climatic changes from
past to present.

Climatic studies from the region of Andalusia are frequent and focus on a variety
of aspects. Thus, several statistical techniques and methodologies have been used,
i.e. principal component analysis [1], empirical orthogonal function [2], innovative
missing values estimator [3], non-instrumental climate reconstruction [4], and grid-
ded dataset and combined indices evolution [5], amongst many others.

The causes of climate variability in Andalusia at annual, inter-annual, decadal and
multi-decadal timescales are generally associated with diverse phenomena, involv-
ing several climatic subsystems, revealing the interactions between the atmosphere
and ocean [1-5]. In some cases, a cyclic pattern in climatic variability has been
interpreted. The identification of climatic cycles in Andalusia by means of spectral
analysis has been carried out in previous studies although the method differed accord-
ing to the specific study [6, 7]. On this basis, this study examines climatic evolution
during the twentieth and twenty-first centuries in Andalusia, based on the spectral
analysis of data from different climatic proxies, in order to evaluate the cyclic nature
of the said evolution and to interpret the processes involved.

Methodology

This study uses spectral analysis as a statistical technique to evaluate the impor-
tance of the frequencies associated with precipitation and temperature time series in
Andalusia (see meteorological datasets below). The power spectrum estimator used is
the smoothed Lomb-Scargle periodogram [8—10], which works directly with uneven
time series, such as the annual precipitation and/or annual temperature series in the
study area. The technique evaluates the statistical significance of the peaks using
the Monte Carlo permutation test, as neighbouring frequencies are highly correlated,
and then it adjusts statistical significance by smoothing the periodogram [10]. Linear
smoothing with three terms was applied to the raw periodogram. The output consists
of the Lomb-Scargle spectrum, the achieved confidence level spectrum, the mean
spectrum of permutations and the phase spectrum.
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Fig. 1 Example of the power spectrum for annual precipitation at station P6289, and associated
peaks of 9.1, 6.5 and 3.4 years above Achieved Confidence Level (ACL) of 90%, by using the
smoothed Lomb—Scargle periodogram

The parameters required have been optimized for dealing with the annual pre-
cipitation and/or temperature time series in the study area, and for achieving the
intended goal of capturing climatic cycles with a duration just above the sampling
interval (i.e. biannual oscillation). Thus, 0.5 has been used as the highest frequency
to evaluate, 200 as the number of frequencies in the interval, 2000 as the number
of permutations, 75,654 as the random seed, 3 as the number of smoothing terms
and linear smoothing was enabled. To illustrate the above process, the output of this
methodology from one of the precipitation stations is presented below (Fig. 1).

Meteorological Datasets

The precipitation and temperature data were collected from two different sources
and named chguadalquivir [11] and aemet [12]. The sources differ from each other
with regard to the sampling interval; datasets from chguadalquivir were available
monthly and covered the period from 1951 to 1987, whereas datasets from aemet
were available daily and covered the period from 1901 to 2012. There were 1574
precipitation station and 526 temperature station datasets from chguadalquivir, spread
across the entire study area. There were 595 precipitation station and 282 temperature
station datasets from aemet, all located in the eastern half of the study area.

For a better comparison, all the datasets have been converted into annual datasets.
As afirst step, the daily datasets were summarized into monthly datasets; only months
with a minimum of 25 days of precipitation measurements and/or a minimum of
20 days of temperature measurements were considered. Then, to convert the monthly
datasets into annual datasets, only complete years and/or years that had 12 months
of measurements were used. A second level of filtering was also carried out in which
precipitation stations with less than a total of 20 years of records and temperature
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Fig. 2 Distribution of the meteorological stations selected for the spectral analysis

stations with less than a total 10 years of records were excluded from the analysis. It
was not a requirement for that the total amount of years with records to be consecutive,
as this spectral analysis methodology can deal with uneven series. Upon combining
the two data sources, a comparison method was established to see which one had
more years of information for the same station, as various stations were in both data
sources. If the length of the series in years was the same in both sources, preference
was given to the dataset from aemet, which was originally compiled daily.

The filtering process produced 547 precipitation stations and 160 temperature
stations: a total of 707 meteorological datasets to be analysed (Fig. 2).

Results

The spectral analysis carried out on the 707 datasets detected 1751 significant peaks
in the precipitation datasets (Fig. 3) and 466 significant peaks in the temperature
datasets (Fig. 4), all above or equal to 90% of ACL. All the cycles detected for the
same meteorological variable have been plotted in the same diagram.

The number of cycles detected is lower in the temperature record than in the
precipitation record, but it is very remarkable that both temperature and precipitation
variables show signals at the same frequencies. The 3-year cycle and the 7/8-year
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Fig. 3 Diagram containing all the precipitation cycles in the study area and the number of stations
in which the cycles were detected (yellow triangles represent the value of the cycle in years)
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Fig. 4 Diagram containing all the temperature cycles in the study area and the number of stations
in which the cycles were detected (yellow triangles represent the value of the cycle in years)

cycle were the most frequently detected, and show the highest significance. Thus, a
detailed analysis of cycles at both 3 years and 7/8 years has been conducted.

All precipitation (344) and temperature (28) stations showing peaks between
frequency values of 0.4 (2.5 years) and 0.29 (3.5 years) have been collected and
plotted on a map to see their spatial distribution (Fig. 5). The same output has been
conducted for the 7/8-year cycle by isolating all peaks between 0.154 (6.5 years) and
0.118 (8.5 years), 223 precipitation stations and 23 temperature stations (Fig. 6).

Overall (Figs. 5 and 6), the spatial distribution of temperature observed does not
show any geographical predominance of one cycle over the other, as opposed to
the maps showing the precipitation cycles observed, where a general trend can be
inferred. In the latter, there are more 3-year cycles in the east and more 7/8-year
cycles in the west. The two cycles have been combined into one map by using all the
precipitation stations in which the two cycles were detected together (Fig. 7). This
process was based on a preliminary selection of stations in which at least one of the
two cycles must be present at each station; if both cycles were detected in the same
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Fig. 5 Spatial distribution of all precipitation and temperature stations in which the 3-year cycle
was detected (crosses in blue for precipitation and red for temperature) above 90% of ACL, and all
the other stations used for the analysis (points in grey)
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Fig. 6 Spatial distribution of all precipitation and temperature stations in which the 7/8-year cycle
was detected (crosses in blue for precipitation and red for temperature) above 90% of ACL, and all
the other stations used for the analysis (points in grey)
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Fig. 7 Spatial interpolation on 423 precipitation stations showing the geographical influence in
Andalusia on the 3-year cycle and the 7/8 year cycle. Values from 2.50 to 8.50 in years

station, the cycle with more power spectrum was the one counted for that station.
Thus, 423 precipitation stations resulting from the aforementioned conditions have
been analysed. About 261 precipitation stations show a predominance of the 3-year
cycle and 162 precipitation stations show a predominance of the 7/8-year cycle. This
process was followed by an interpolation process in which the ‘Inverse Distance
Weighting’ technique was applied. The parameters were ‘2’ for the power and ‘5’
for the maximum number of neighbours.

Interpretation

The causes of climate variability in Andalusia from annual to multi-decadal
timescales have generally been associated with Atlantic Ocean phenomena: large
scale circulation features of Western Europe and the Atlantic Ocean [1], alterna-
tion of zonal circulation and meridional circulation in the Atlantic that shifts the
Azores High [2], persistency and displacement of the Azores High [3], and changes
in North Atlantic Oscillation (NAO) phases [4]. However, Eastern Andalusia is less
influenced by Atlantic air masses and climate variability there is also influenced by
Mediterranean Sea dynamics [5].

Previous studies applying spectral analysis to climatic datasets reveal cyclic cli-
matic variability in the range of 2-250 years, but mainly located in the range of
2-11 years. Thus, a study on rainfall variability in Southern Spain [6] found peaks
above 95% significance at 2.1, 3.5, 7-9, 16.7 and 250 years, and a previous study on
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hydraulic heads across the Vega de Granada aquifer [7] found a decadal cycle (peaks
between 8 and 11 years) and a 3.2-year cycle, amongst others.

The power spectrum has been estimated for both North Atlantic Oscillation and
Mediterranean Oscillation indexes (MOI) (Figs. 8 and 9). The NAO index is available
at a daily resolution [14] from 1950 to 2017. The MOI has two versions [15], ‘Algiers-
Cairo’ (MOAC) and ‘Israel-Gibraltar’ (MOIG), both from 1948 to 2016 at daily
resolution. The NAO and MOIG indexes have been analysed by using annual series.

The NAO index has significant periodicities at 50, 13.7, 2.7, 2.5 and 2.1 years,
and the MOIG index at 7.8, 6.5, 4.1, 3.4, 2.4 and 2.1 years, all above 90% of ACL.

A second exercise has been conducted to assess the correlation between all the
monthly series from the 707 stations (547 precipitation stations and 160 tempera-
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Fig. 8 Power spectrum of the NAO index using annual records derived from the original dataset,
and associated peaks of 50, 13.7, 2.7, 2.5 and 2.1 years above ACL of 90%, by using the smoothed
Lomb-Scargle periodogram
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Fig. 9 Power spectrum of the MOIG index using annual records derived from the original dataset,
and associated peaks of 7.8, 6.5, 4.1, 3.4, 2.4 and 2.1 years above ACL of 90%, by using the
smoothed Lomb—Scargle periodogram
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ture stations) and the NAO and MO indexes. The geographical influence of both
oscillations has been assessed (Figs. 10, 11, 12 and 13). The NAO correlation for
precipitation (Fig. 10) is low; it tends to be more negative towards the west (—0.343)
and zero or slightly positive towards the east (0.067). The NAO and temperature
correlation (Fig. 11) is less clear, with values between —0.214 and 0.240. The MOIG
and precipitation correlation (Fig. 12) is greater in value (from —0.16 to —0.76) than
that of the NAO and is always negative; it shows a pattern of being more negative
towards the west (—0.753) and less negative towards the east (—0.240). The cor-
relation between MOIG and temperature (Fig. 13) is always positive, with values
between 0.386 and 0.643, and it is equally distributed across the study area.

The most significant frequencies associated with both the NAO and MOIG indexes
have been combined, as have the power spectra frequencies detected above 90% of
ACL (Figs. 14 and 15). Certain precipitation and temperature frequency values match
some of the frequencies associated with NAO and MOIG quite well.

Particularly interesting are the precipitation cycles that correspond to the MOIG
cycles of 3.4, 6.5 and 7.8 years, and to the NAO cycles of 2.1, 2.7, 14.3 and 50 years.
The match between the temperature cycles recorded and the NAO and MOIG cycles
is less clear than the precipitation comparison.

Other cycles detected in the study area, which were also above 90% of ACL, could
be tentatively associated with other climatic phenomena (Table 1; [13] for a review).
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Fig. 10 Correlation coefficients between the NAO index monthly values (1950-2017) and the
monthly values of the 547 precipitation stations. The rectangles represent the average value for that
particular area
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Fig. 11 Correlation coefficients between the NAO index monthly values (1950-2017) and the
monthly values of the 160 temperature stations. The rectangles represent the average value for that
particular area
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Fig. 12 Correlation coefficients between the MOIG index monthly values (1948-2016) and the
monthly values of the 547 precipitation stations. The rectangles represent the average value for that
particular area
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Fig. 13 Correlation coefficients between the MOIG index monthly values (1948-2016) and the
monthly values of the 160 temperature stations. The rectangles represent the average value for that
particular area
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Fig. 14 Histogram of frequencies detected above ACL 90% from all precipitation stations, together
with the most significant frequencies of the NAO and MOIG indexes

Conclusions

Spectral analysis of precipitation and temperature time series from a considerable
number of meteorological stations (707 locations) distributed across southern Spain
in the region of Andalusia has allowed for the characterization of the spatial variability
of the two most frequent cycles in the study region: a 7/8-year cycle and a 3-year
cycle. The length of time over which data was collected at the stations analysed was
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Fig. 15 Histogram of frequencies detected above ACL 90% from all temperature stations, together
with the most significant frequencies of the NAO and MOIG indexes

Table 1 Tentative correlation between the other cycles detected above 90% ACL and other well
known cycles, including the number of precipitation (P) and temperature (T) stations where the said
cycles were detected

Cycle value in years Cycle P T

10/11 Sunspot cycles of 11 years 84 17
17 Southern Oscillation Index (SOI) 17 16
19 Lunisolar cycle 19 14
20-25 Hale cycle 51 49

relatively short (in most cases less than 50 years, but always more than 20 years for
precipitation and 10 years for temperature) and therefore the focus of this research
has been the high-frequency cycles. Many other periodicities greater than 10 years
have been found with an ACL higher than 90%, but they are less abundant. Initially,
it was thought that the western part of the study area might be more influenced by
the climatic activity derived from the North Atlantic Oscillation (NAO), manifesting
as a cycle in the range from 7 to 8 years. On the other hand, the eastern part of the
study area was hypothesized to be more influenced by the Mediterranean Oscillation
(MO), represented by a 3-year cycle. However, the correlation values calculated
across the study area between the meteorological variables on the one hand, and the
NAO and MOIG indexes on the other, plus the spectral analysis conducted, show that
the Mediterranean Oscillation may play a greater role in the region than the North
Atlantic Oscillation. Thus, the 7/8-year cycle may correspond to the 6.5- and 7.8-year
cycles detected in the MOIG index, and the 3-year cycle may be associated with the
3.4-year cycle detected in the MOIG index, and with the 2.7- and 2.5-year cycles
detected in the NAO index. The explanation of how these two climatic phenomena
interact with one another is outside the scope of this paper and more research is
needed. Nevertheless, these results can help meteorologists and climatologists to
better understand how weather and climate work in the southern Iberian Peninsula.
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