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Abstract

A long and complete series of monthly rainfall amounts corresponding to

Barcelona city (Catalonia, NE Spain), exceeding two centuries (years 1786–
2019), is analysed in detail. The obtained results of periodicity (annual scale),

time trends (monthly, seasonal and annual scales), statistical distribution (sea-

sonal and annual scale) and fractal/multifractal structures and self-similarity

at monthly scale depict the complex structure of this pluviometric regime,

which is characterized by moderate increasing and decreasing trends on rain

amounts, varying from +0.08 mm�year−1 (February) to −0.07 mm�year−1
(September) and quite evident changes on the pluviometric trends at annual

and seasonal scales when the rainfall data are analysed for segments of

50 years from 1800 up to 2019. A good example could be the relevant change

on the annual scale time trend, from +0.77 mm�year−1 (years 1800–1850) to
−0.17 mm�year−1 (years 1950–2019). Clear evidences of decreasing pluviome-

try for spring, summer and autumn for the last segment (1950–2019) in com-

parison with the other three segments, including years 1800–1950, are also

detected. Additionally, increasing rainfall patterns complexity, expected diffi-

culties on monthly rainfall forecasting and the increasing irregularity of

monthly amounts is also detected by interpreting fractal and multifractal

results. Irregularity increases on the monthly rainfall series and on the rainfall

regime complexity derived from multifractal parameters, could be associated

with the very notable increase of CO2 emissions into the atmosphere, globally

varying from 51.1 × 106 metric tonnes (year 1820) to 36.6 × 109 metric tonnes

(year 2019) and the tropospheric concentration increasing from 280.8 ppm

(year 1850) to 397.5 ppm (year 2014), being the probable relationship between

tropospheric concentrations and changes on rainfall patterns the objective of

future researches.
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1 | INTRODUCTION

The pluviometric regimes of Barcelona city, its metropoli-
tan area and Catalonia (NE Spain) have been analysed
from different points of view, taking advantage of pluvio-
metric data obtained from the Spanish Agency of Meteo-
rology (AEMET), the Catalan Agency of Meteorology
(SMC), the Fabra Observatory of the Royal Academy of
Sciences and Arts (RACA, Barcelona) and the urban net-
work of rainfall intensity of the Barcelona city Council
(CLABSA-BCASA). Time trends (Lana et al., 2003),
extreme values (Lana et al., 2019), characteristics of dry
spells (Lana et al., 2001), complexity of the physical
mechanism based on multifractal analyses (Lana
et al., 2020a), predictability of monthly amounts based on
auto-regression algorithms (Lana et al., 2021a), relation-
ships between monthly amounts and atmospheric circu-
lation indexes (Lana et al., 2017) and characteristics of
rainfall intensities at the metropolitan area causing floods
(Casas et al., 2010; Rodríguez et al., 2013a; 2013b; 2014;
Rodríguez-Solà et al., 2017; Casas-Castillo et al., 2018a;
Lana et al., 2020b), among others, are some examples.
Other strategies and algorithms used in the research of
the pluviometric regime patterns are, for instance,
Martínez et al. (2007) and Burgueño et al. (2004, 2005).

A first objective of this research is to improve the
accuracy on some results concerning time trends, statisti-
cal models and periodicities of the Barcelona city pluvio-
metric regime at monthly, seasonal and annual scales.
Another objective is the verification, based on fractal and
multifractal analyses along two centuries, of the complex-
ity degree of the physical mechanism governing the rain-
fall regime. Additionally, the probable effects of the
climatic change on statistically significant time trends
and irregularity of the rainfall series are analysed.
Expected reduction of rainfall amounts at monthly or
annual scale, accompanied by an increase of extreme and
short intensity episodes in the Mediterranean basin
(Pérez and Boscolo, 2010; Miranda et al., 2011), suggest
increases on the irregularity on monthly, seasonal and
annual amounts. Nevertheless, other analyses of pluvio-
metric regimes in the Mediterranean (Liuzzo and
Freni, 2015) have detected both positive and negative sig-
nificant time trends on heavy rainfall episodes. From the
global viewpoint, the behaviour of the pluviometric
regime affected by the climate change varies depending
on the geographic emplacement. An example could be
that corresponding to Scotland (United Kingdom), where

increases in river flows in four catchments in the West of
Scotland were detected (Mansell, 1997), suggesting a pos-
sible increase on rainfall amount. Another example could
be East Java, Indonesia, where negative trends on
accumulated rainfall were detected (Aldrian and Djamil,
2007), or Alabama where less intense IDF curves for
short events were observed (Mirhosseini et al., 2013).
Redesign of drainage on metropolitan areas (Arnbjerg-
Nielsen et al., 2013) should be also considered due to pos-
sible increases of very intense short episodes generated
by the climate change. Bearing in mind all these exam-
ples and an assumed not negligible influence of climate
change on rainfall regimes, the long pluviometric record
of Barcelona city, covering more than two centuries, is
analysed in detail.

Section 2 describes the way how the sequence of
monthly amounts was obtained and introduces the first
basic results concerning the annual amount records.
Section 3 includes a summary of concepts, associated
with mathematical theory and algorithms, permitting to
determine the complexity and uncertainties concerning
the pluviometric regime at monthly scale. The process to
quantify the irregularity of the rainfall series, based on
self-similarity theory, is introduced in section 4. A sum-
mary of the results concerning analyses of fractality, mul-
tifractality, time trends significance, statistical models,
spectral analysis and irregularity are described in sec-
tion 5. The obtained results are evaluated in section 6,
where a better relationship between CO2 concentration
and changes on rainfall time trends, fractal irregularity
and fractal complexity, are assumed for future researches.
Finally, section 7 summarizes the most relevant results
obtained and causes of time trend and multifractal com-
plexity changes, as well as rainfall irregularity increases,
all of them probably related to the increasing quantity of
CO2 in the troposphere, which could be a relevant ques-
tion to be accurately analysed in future researches.

2 | DATABASE

Bearing in mind that the notably long and complete rain-
fall series in Barcelona city corresponds to the Fabra
Observatory records (1917–2020), this data set could be
used for all the summarized objectives in the introduc-
tion of this paper. Nevertheless, a detailed research of
climatologists, physicists, geographers and historians,
taking advantage of useful techniques, algorithms and
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pluviometric data, published a few years ago (Prohom
et al., 2015) a reconstruction of the monthly pluviometric
series in Barcelona city (years 1768–2019) including,
among others, the Fabra Observatory data, the longest
and complete record. The first rainfall records (1786–
1913) were recorded by different consecutive rain gauges
within Barcelona city, with emplacements distanced as
much as 150 m and a range from 6 to 23 m a.s.l. Since
year 1914 up to nowadays, rainfall records were obtained
from Fabra Observatory (Reial Acadèmia de Ciències
i Arts) at 412 m a.s.l. and approximately at 4.4 km
towards the NW of the previous emplacements (years
1786–1913). The quality control and data homogenization
were achieved by means of the HOMER method
(Prohom et al., 2015), being detected outlier data (exceed-
ing five times interquartile data), as well as distinguish-
ing zero monthly amounts (not rare in Mediterranean
areas) and lack of data (15 lost monthly values since
1844–1854). This quality control was also applied taking
advantage of available data corresponding to the MSC
(Meteorologic Service of Catalonia), AEMET (Spanish
Agency of Meteorology), Western Mediterranean (South
of France) and Northern Italy records, being considered,
by means of the Pearson coefficient, the degree of correla-
tion within the different monthly rainfall series and the
set of Barcelona city and Fabra observatory data. A more
detailed description of all this process of homogenization
and validation of monthly data, the longest pluviometric
record of the Iberian Peninsula and one of the longest
European rainfall series, is found in Prohom et al. (2015).
Additionally, annual rainfall amount quality data
recorded at the Fabra Observatory (years 1914–2020) has
been recently verified by Martín-Vide and Moreno-García
(2021). Similar processes have permitted to obtain other
long historical record lengths in Europe, being a good
example one of the longest monthly record since 1711 to
2016 (Murphy et al., 2018) in Ireland, coinciding with a
notable part of the Little Ice Age, the end of this climatic
episode, and the increasing continuity of the tempera-
tures along the 20th and 21th century (Mann, 2003). Two
examples in the Iberian Peninsula of notable long record-
ings are, for instance, that of the San Fernando Observa-
tory (C�adiz, Southern Spain; Estévez et al., 2022) and the
Astronomic Observatory (Madrid, Central Spain), since
years 1805 and 1854 up to nowadays, respectively.

A first basic description of the pluviometric regime is
shown in Figure 1, with the annual evolution of the rain-
fall amounts, characterized by an average annual amount
of 596.2 mm, a standard deviation of 153.3 mm and close
to 25% of annual amounts out of the average ± standard
deviation interval. In agreement with these data, the plu-
viometric regime would be characteristic of Mediterra-
nean areas (low average, notable standard deviation and

annual irregularity). Besides a statistically significant
(90%) time trend (+0.44 mm�year−1) detected in the
annual record for years 1786–2019, the mentioned irregu-
larities seem to increase with time by observing that a no
negligible increasing number of annual amounts exceed
900 mm after 1850. The detected annual time trend could
contribute to these more usual amounts exceeding
900 mm. Nevertheless, the quantified +0.44 mm�year−1
should not be the unique consequence of these irregulari-
ties, and a more detailed analysis of the irregularity at
annual, seasonal and monthly scales is one of the objec-
tives of this manuscript.

The CO2 global emissions and tropospheric concen-
tration data have been obtained from the websites
https://www.statista.com and www.co2.earth, and from
Meinshausen et al. (2017). Meinshausen et al. (2017) pro-
vided a long-term data sets that constitutes a plausible
reconstruction of historical atmospheric concentrations
of 43 greenhouse gases (GHGs) to be used in the Climate
Model Intercomparison Project Phase 6 (CMIP6) experi-
ments. They focused on the period 1850–2014 for histori-
cal CMIP6 but data were also provided for the last
2,000 years. In contrast to previous intercomparisons, the
data sets are latitudinally resolved and include seasonal-
ity. This data set are based on observations from the
worldwide network of NOAA and AGAGE stations and
provided records for the pre-observational time from
measurements of archived air as well as Antarctic and
Greenland ice core and firn data over the last 2,000 years.

FIGURE 1 Annual evolution of rainfall amounts (1786–2019).
The straight and curved lines drawn accross the annual register

correspond, respectively, to linear and fourth degree polynomial

trends [Colour figure can be viewed at wileyonlinelibrary.com]
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3 | FRACTAL AND
MULTIFRACTAL THEORY

3.1 | Reconstruction theorem

Several aspects concerning randomness or persistence,
complexity, loss of memory and degree of complexity of
the physics mechanisms governing rainfall amounts at
monthly scale can be analysed by means of the fractal
theory, based on the reconstruction theorem (Grassberger
and Procaccia, 1983a; Diks, 1999), and the multifractal
spectrum algorithm (Kaplan and Yorke, 1979; Grassber-
ger and Procaccia, 1983b; Kantelhardt et al., 2002). Some
examples, among many others, of these analyses applied
to climatological variables are those corresponding to the
thermometric regime (Burgueño et al., 2014) and the
monthly rainfall amount (Lana et al., 2020a; 2021b) in
Catalonia, NE Spain.

The reconstruction theorem (Diks, 1999) permits to
quantify, in terms of the Hurst exponent, H, the
degree of randomness, persistence or antipersistence of
time series (Korvin, 1992). The same theorem, taking
advantage of the correlation integral definition
(Grassberger and Procaccia, 1983a, 1983b), quantifies
the degree of complexity (increasing with the embed-
ding dimension, μ, exponent) and the loss of memory
of the physics system (Kolmogorov exponent, κ). Addi-
tionally, the uncertainty degree on the predictability of
the time series is quantified by means of the Lyapunov
exponents, λi (Kaplan and Yorke, 1979; Wiggins, 2003),
which can be computed according to the algorithms
proposed by Eckmann et al. (1986) and Stopp and
Meier (1988). All these fractal parameters permit to
analyse the degree of complexity of physics mecha-
nisms, as well as quantify the uncertainties on the
forecasting of the variables describing it.

3.2 | Multifractal spectrum

Nature phenomena are sometimes not sufficiently
described by means of the theory and exponents intro-
duced in the previous paragraph. Many times, the physics
mechanisms governing nature phenomena are nonlinear
and very complex, being convenient the complementary
analyses of their multifractal structures. Besides analyses
applied to climatic data (rainfall and thermometric
regimes for instance), the seismology is another example
of complex field on Earth sciences (Goltz, 1997;
Turcotte, 1997) and several authors have also applied the
multifractal theory to time series and spatial data. Time
series describing these complex mechanisms can be ana-
lysed by applying the specific multifractal detrended

fluctuation algorithm (MDFA) (Kantelhardt et al., 2002)
being then obtained the multifractal spectrum and the
corresponding parameters: the central, maximum and
minimum Hölder exponents, α0, αmax, αmin, the spectral
amplitude, W = αmax − αmin, the multifractal asymmetry,
γ = (αmax − α0)/(α0 − αmin), the generalized Hurst expo-
nent (being a particular case the Hurst exponent intro-
duced at the beginning of this section) and the
complexity index, CI, proposed by Shimizu et al. (2002)
which is based on parameters α0, W and γ, and summa-
rizes the complexity degree of the analysed series. In
agreement with the concepts of “physics mechanisms
complexity degree,” high values of central Hölder expo-
nents, high spectral multifractal amplitudes and asymme-
tries notably exceeding 1.0 will represent relevant
complexity. Conversely, spectral amplitudes close to zero
(αmax ≈ αmin) suggest monofractal structures with mini-
mum complexity. All these mentioned multifractal
parameters, based on the Hölder exponent concept, can
be obtained assuming that empiric multifractal spectra
are analytically described by the second order polynomial

F αð Þ=C+B α−α0ð Þ+A α−α0ð Þ2, ð1Þ

accomplishing F(αmax) = F(αmin) = 0 and F(α0) = 1.
A more detailed explanation of the mathematical for-

mulation concerning fractal and multifractal analyses
can be found, for instance, in Lana et al. (2020a).

4 | SELF-SIMILARITY SCALING

Besides the reconstruction theorem and the multifractal
analysis, another monofractal analyses has been widely
used in precipitation and hydrological research along the
last few decades (Gupta and Waymire, 1990; Koutsoyian-
nis and Foufoula-Georgiou, 1993; Burlando and
Rosso, 1996; Menabde et al., 1999; Nhat et al., 2007; Bara
et al., 2010; Rodríguez-Solà et al., 2017; Casas-Castillo
et al., 2018a; 2022), contributing to quantify the evolution
of the time series irregularity, and a good interpretation
of fractal scaling also would be found in the research of
Zhang et al. (2017). As other natural phenomena looking
statistically the same regardless of the temporal scale of
observation, rainfall often exhibits self-similarity, with
some properties accomplishing power laws of a scale
parameter λ which is the ratio between any two temporal
scales. For instance, it is well known that the annual
maximum rainfall intensity series fulfil scale relation-
ships, and then it is possible to relate the probability dis-
tribution of the annual maximum intensity It for any
duration t to the distribution at other temporal scale λt
using a factor that is a power function of λ. The equality
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between two probability distributions given by
Equation (2)

It=λβIλt ð2Þ

is usually referred as “simple scaling in the strict sense”
(Gupta and Waymire, 1990; Yu et al., 2004) and implies
that all the statistical features of both distributions,
including the moments and quantiles, accomplish the
equality, being β a scaling parameter.

The Equation (3)

⟨Itq⟩=λβq⟨Iλtq⟩ ð3Þ

expresses the scaling relationship of the statistical
moments of order q of the rainfall intensity for a duration
t, ⟨Itq⟩, where the exponent βq can be considered as the
linear case of a general scaling function K qð Þ, which is a
nonlinear function in the multifractal case (Rodríguez
et al., 2013a).

The value of the scaling parameter β has been
observed in accordance with the rainfall characteristics of
the place of study, especially rain irregularity (Rodríguez-
Solà et al., 2017; Casas-Castillo et al., 2018a; 2018b; 2022).
The simplest procedure to determine this parameter is to
calculate the statistical moments of the maximum annual
series for a given duration t (for instance, daily amounts)
and the moments of the maximum annual series for sev-
eral durations λt obtained by aggregation (for instance,
rainfall amounts for 2, 3, 4… consecutive days). Then,
straight lines obtained by linear regression between the
logarithmic values of those moments for every value of q
indicate scale invariance within the scaling regime, being
βq the value of every slope. Because of its definition, the
values of the scale parameter must be greater than −1,
which is a limit value corresponding to a rainfall sample
with isolated annual maxima. That is, in the case of daily
rainfall, a maximum value of P1 for a specific day sur-
rounded by dry days. The aggregation process gives rise
then to series for which the precipitation for n days, Pn,
is the same as P1. In terms of the intensity of precipita-
tion this would imply that In=I1=n, which compared to
the scaling relationship I1=n=nβI1 for the mean (q=1)
corresponds to the case β=−1. The hypothetical opposite
case would be that of a totally regular sample for which
every day is raining the same, so Pn=nP1 and In=I1, that
is, the same intensity for all durations, and therefore
β=0. For real daily rainfall this parameter generally oscil-
lates between values close to −1 and to −0:5 (Rodríguez-
Solà et al., 2017; Casas-Castillo et al., 2018a; 2018b; 2022).

The monofractal hypothesis is usually valid only for a
limited scaling regime and out of this range the scaling
exponent β could change. Many rainfall scaling studies

reported a scaling temporal break when the considered
duration achieves a value between 1 and 3weeks, possi-
bly related to the usual lifetime of the major synoptic
scale events (Fraedrich and Larnder, 1993; Ladoy
et al., 1993; Olsson, 1995; Tessier et al., 1996; De Lima
and Grasman, 1999; Royer et al., 2008; De Lima and De
Lima, 2009; García-Marín et al., 2013; Rodríguez
et al., 2013a; 2013b). For Barcelona (Catalonia, Spain),
Rodríguez et al. (2013a) and Rodríguez-Solà et al. (2017)
obtained a scaling regime with an upper limit of the scal-
ing range of 22 days, showing discrepancies for durations
below 1 hr, explained in part by the resolution of the
measuring instrument. Rodríguez-Solà et al. (2017) found
for the city of Barcelona a value of the parameter β of
−0:78, both from the digitalized records of a Jardí inten-
sity pluviograph of the Fabra Observatory of Barcelona
and from the simultaneous daily record of a totalizer
Hellmann gauge located in the same observatory. The
Jardí intensity pluviograph, a very innovative device at
the time it was invented (1921), gets the diagram of the
rainfall intensity over time on strip charts, later digita-
lized, with a response time of about 10 s. One of the first
Jardí gauges was installed in the Fabra Observatory of
Barcelona, where it has been operating since 1927 up to
the present (Burgueño et al., 1994; Casas et al., 2004). The
single scaling regime found for the records from both
devices by Rodríguez-Solà et al. (2017) ranged from
20min to 20 days. In the present work, due to the use of
monthly data, a different scaling regime in the range of
months is expected to find.

FIGURE 2 Power spectrum for annual amounts
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5 | RESULTS

The available long series of monthly rainfall amounts in
Barcelona is basically characterized by a periodicity of
11.6 years, close to that corresponding to the predomi-
nant solar activity (Cameron and Schüssler, 2019) and

another of 4.5 years (Figure 2). Whereas for the spectral
peak of 11.6 years the power spectral amplitude overpass
white-noise and 95% Markovian red-noise probability,
the other relevant periodicity of 4.5 years is characterized
by a power spectra only exceeding the white-noise but
not the 95% level of Markovian red-noise. It is also worth

FIGURE 3 Empirical statistical distribution and Gumbel distribution model (solid line) for the annual and seasonal amounts
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mentioning (Figure 3) that the empiric statistical distri-
bution of seasonal and annual amounts fit well the same
cumulated distribution function, the Gumbel model,
mathematically represented by

F xð Þ=e−ex ;x=
r−ξ
α

; −∞<x<∞, ð4Þ

with parameters (α, ξ) determined with the L-moments
formulation (Hosking and Wallis, 1997). This model
has been chosen by comparing Euclidean distances
between empiric L-skewness and L-kurtosis and those

corresponding to a variety of statistic theoretical models.
In spite of this chosen model is usually appropriate to
analyse extreme episodes, the results of the L-moments
theory proofs that in this case the best fit for the four sea-
sons is offered by the Gumbel distribution, after checking
12 commonly used theoretical distributions. It is also
worth mentioning that the best fit to the Gumbel model
is achieved for summer and autumn seasons, being also
small the discrepancies detected in winter and spring sea-
sons. At annual scale the discrepancies between empiric
and theoretical distribution functions for the 200–
550 mm�year−1 range (Figure 3) are a bit more relevant,

FIGURE 4 Seasonal evolution of rainfall amounts (1786–2019). The straight and curved lines drawn across the seasonal registers

correspond, respectively, to linear and fourth degree polynomial trends [Colour figure can be viewed at wileyonlinelibrary.com]
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being then assumed that the Gumbel model is not the
most appropriate function in this case. This question
should not be a great problem, given that the proved
quality of the pluviometric data permits, if it was neces-
sary, to substitute theoretical probability of annual rain-
fall amounts by the empiric values.

Another relevant question is the statistically signifi-
cant time trends detected at annual (Figure 1) and sea-
sonal scale (Figure 4), considering the whole (1786–2019)
years interval. Time trends have been analysed assuming
linear and fourth order polynomial functions and their
statistical significances have been quantified by means of

the Mann–Kendall test. All the four seasons and annual
data are characterized by moderate positive trends, being
detected trends exceeding 95% statistical significance for
winter season and 90% for autumn and annual data. The
most significant cases at monthly scale are shown in
Figure 5, with February, August and October without
exceeding positive 0.08 mm�year−1 trends and September
with a negative trend of −0.07 mm�year−1. Table 1 sum-
marizes all time trends and their statistical significance,
with bold types representing cases equalling to or exceed-
ing 90% of statistical significance, for the 1786–2019 years
interval. Despite the detected time trends, statistically

FIGURE 5 Monthly evolution of rainfall amounts (1786–2019) for months with the most outstanding time trends interval (−0.07 to

+0.08 mm�year−1). The straight and curved lines drawn acrossthe monthly registers correspond, respectively, to linear and fourth degree

polynomial trends [Colour figure can be viewed at wileyonlinelibrary.com]
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significant or not, are characterized by very small
amounts (monthly amounts less than 0.1 mm�year−1 and
annual amounts achieving 0.44 mm�year−1), it has to be
remembered that these trends have been estimated bear-
ing in mind monthly records exceeding two centuries,
and the cumulate changes on recorded rainfall amounts
since 1786 up to the present are not negligible. The time
trends at seasonal and annual scale for (1900–1950) and
the last 70 years (1950–2019) are quite different. Except-
ing winter, the annual and the other three seasonal series
depict negative time trends (Table 2), being noticeable
some of them. Consequently, the differences between the
whole recorded years and the 1900–2019 years interval
are quite notable, being assumed statistically significant
trends (90% level) as those written in bold types.

The complexity of a physics mechanism, in this case
that governing the rainfall patterns, can be quantified
from the viewpoint of the fractal and multifractal struc-
ture of the monthly amount records. Bearing in mind
that 2,800 consecutive monthly amounts are available,
this high number permits a global fractal and multifractal
analysis of the complete data series, as well as an addi-
tional multifractal analyses applied to consecutive sets of
monthly data delimited by moving windows of 50 years
with shifts of 5 years.

From the point of view of the reconstruction theorem,
the complexity of the complete monthly rainfall series
could be quantified by means of the Hurst exponent.
Nevertheless, the value of this exponent is finally
deduced from the viewpoint of the multifractality and the
generalized Hurst exponent. Another point of view of the
complexity, based on fractal theory and reconstruction
theorem, is the correlation integral, C(r). Every slope, or
embedding dimension μ(m), of the different [log{C(r)} −
r] curves (Figure 6a) for different reconstruction dimen-
sions m quantifies the necessary number of nonlinear
equations to describe the physical process. The evolution
of this parameter μ* tends asymptotically (Figure 6b) to
the optimum number, dE, of nonlinear equations to
describe the physics mechanism. At the present case,
10 nonlinear equations would be the minimum number
to study the physics mechanism of the monthly pluvio-
metric regime in Barcelona. Another relevant point of
view is the “loss of memory” of the physical process,
manifested by the Kolmogorov entropy and represented
by the κ exponent. Details concerning a right determina-
tion of this exponent can be found in Lana et al. (2020a)
and they are summarized in Figure 6c. The deduced
value of κ = 1.75 suggests that autoregressive algorithms
to predict with accuracy forthcoming monthly amounts
would need a notable number of previous monthly
amounts (the optimum case with a minimum number
would be for κ close to zero). Additionally, the numerical
uncertainties on the monthly forecasting would be condi-
tioned by the Lyapunov exponents, especially the first
exponent λ1, given that high Lyapunov values could
imply notable numerical uncertainties on the forthcom-
ing monthly amount. Figure 6d describes the evolution of
the three first Lyapunov exponents, after close to 1,800
iterations to obtain them with a good level of accuracy.

The MDFA multifractal algorithm applied to the
whole set of monthly data, offering a global vision of
the multifractal structure of the monthly rainfall in
Barcelona, is characterized by the following parameters.

TABLE 1 Mann–Kendall percentage of statistical significance
of the time trend and increasing or decreasing trend, given in

mm�year−1, for the (1786–2019) interval

MK% mm�year−1

January 10 0.04

February 95 0.08

March 80 0.05

April 45 0.03

May 70 0.05

June 10 0.01

July 45 0.03

August 90 0.07

September 90 −0.07

October 55 0.08

November 5 0.04

December 65 0.05

Annual 90 0.44

Winter 95 0.17

Spring 65 0.07

Summer 35 0.03

Autumn 90 0.17

Note: Bold types correspond to time trends assumed statistically

significant (≥90%).

TABLE 2 Increasing and decreasing trends at annual and

seasonal scales (mm�year−1) for (1800–1850), (1850–1900), (1900–
1950) and (1950–2019) years interval

1800–1850 1850–1900 1900–1950 1950–2019

Annual +0.77 +0.10 −1.39 −0.17

Winter −0.13 +0.79 +0.17 +0.51

Spring +0.75 −1.04 −0.65 −0.30

Summer +0.77 +0.38 −0.04 −0.42

Autumn −0.62 −0.02 −0.73 −0.05

Note: Bold types describe trends exceeding 90% of significance in agreement

with the Mann–Kendall test.
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In agreement with the generalized Hurst exponent curve
(Figure 7a), the Hurst exponent H(q = 2) value of 0.43
can be immediately deduced. Instead of persistence or
randomness, the monthly rainfall would be characterized
by antipersistence close to randomness. The second-order
polynomial (Equation (1) and Figure 7b) represents the
multifractal spectrum and manifests a notable spectral
amplitude (W slightly exceeding 0.9), a central Hölder
exponent α0 close to 4.5, and asymmetry with (αmax − α0)
greater (α0 − αmin). These three parameters are relevant,

as they define the complexity index (CI) of the associated
physics mechanisms.

More detailed information concerning the monthly
series and, especially, the time evolution of the multifrac-
tal parameters can be achieved by means of the men-
tioned before moving window process. Figure 8a depicts
the evolution of the central Hölder exponent, α0, for the
different moving windows of 50 years length and shift of
5 years for every step. The fluctuations are quite evident,
but the linear trend does not suggest notable changes

FIGURE 6 Fractal parameters, based on the reconstruction theorem, of the monthly rain amounts: (a) correlation integral,

(b) embedding dimension, (c) Kolmogorov entropy, (d) the three first Lyapunov exponents
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since the end of the 19th century until the beginning of
the 21th century. Nevertheless, the maximum Hölder
exponent, αmax, and the spectral amplitude, W, show
clear increasing tendencies (Figure 8b,c) of 0.010 and
0.012 years−1, respectively. Taking into account that the
spectral amplitude is a factor included in the CI, the com-
plexity of the multifractal structure is expected to
increase along 19th, 20th and 21th centuries. The evolu-
tion of the asymmetry (Figure 8d) does not show relevant
tendencies, with γ close to 1.0 (complete symmetry),
excepting for two peaks in the 18th century and at the

beginning of the 21th century. As a summary of all these
factors, Figure 8e depicts the evolution of the complexity
index, with a clear increasing trend of 0.10 years−1 and
clear increments since, approximately, year 1950. Never-
theless, the oscillations are notable and after the begin-
ning of the 21th century CI approaches to zero, which
would be a situation of moderate complexity. Finally,
Figure 8f shows the evolution of the Hurst exponent, H
(q = 2), being remarkable the oscillations from persis-
tence to randomness and anti-persistence, but without a
clear time trend along the two centuries. Nevertheless, a
reduction on the oscillation amplitude is observed. In
agreement with this detail, the series of future monthly
amounts would tend in the future to be more random-
ness than persistent or antipersistent.

After considering the increasing spectral amplitude, it
is quite evident that the series of monthly amounts depict
multifractal structure along the whole recording period,
given that W is notably different from zero. This multi-
fractality character is compatible with the self-similarity
structure of rainfall amounts, which permits to quantify
the irregularity degree of monthly amounts. In agreement
with section 4, Figure 9a shows a log–log representation
of the q-order statistical moments of the annual maxi-
mum amounts obtained by aggregation of the rainfall
monthly data of Barcelona (years 1840–2019), together
with linear regressions for every order q of the moments,
with scale invariance ranging from 1 to 9 months.
Figure 9b depicts the slopes of each line detected in
Figure 9a, conforming the linear scaling function
K qð Þ=βq, with a value of β (−0:50Þ, lower than the scal-
ing parameter found from daily records (Rodríguez-Solà
et al., 2017). This is an expected result since a coarser
aggregation leads to a smooth sample and monthly series
are more regular than daily ones.

Taking the scaling parameter β as an indicator of
rainfall irregularity, variations of its value for a long sam-
ple, in accordance to possible timed changes, are usually
detected. Several studies reported a decreasing dominant
trend due to climate change of the annual precipitation
in the Mediterranean area in the last recent decades
(Pérez and Boscolo, 2010), while an increase of extreme
precipitation is expected, related to a greater occurrence
of shorter and more intense rainy events (Christensen
and Christensen, 2003). In accordance to this, Rodríguez
et al. (2014) obtained a decrease of the annual precipita-
tion of Barcelona of at least 5% during the last third of
the 21th century, whereas a future increase of the
extreme daily rainfall was estimated. Furthermore, the
expected increase was slightly higher for the hourly rain-
fall amounts compared to daily ones. To detect changes
in the scaling behaviour of rainfall series according to the
reported decreasing trend in annual precipitation

FIGURE 7 (a) Generalized Hurst exponent and

(b) multifractal spectrum for the whole monthly amounts dataset
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FIGURE 8 Evolution with the moving windows of (a) the central Hölder exponent, α0, (b) the maximum Hölder exponent, αmax, (c) the

spectral amplitude, W, (d) the asymmetry, γ, the complexity index, CI, and (e) the Hurst exponent, H(q = 2)
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together with the relative increase in extreme rainfall,
Casas-Castillo et al. (2018a) analysed the temporal evolu-
tion of the scale parameter β during the 20th century and

the beginning of the 21th, using sliding intervals of
30 years with 1 year of step. Casas-Castillo et al. (2018a)
found a slight continuous decrease of the mean value of
β for Catalonia (NE of the Iberian Peninsula), indicating
a slight progression towards irregularity. At the present
work, sliding intervals of 50 years have been used apply-
ing the same procedure to detect changes of the scaling
behaviour along time, related to changes in rainfall irreg-
ularity for the (1840–2019) Barcelona monthly recording
period. Figure 9c shows the temporal evolution of β
obtained for the monthly series. As it was previously
found for Catalonia, the scaling analysis of monthly
series for Barcelona indicates a decreasing evolution of
the parameter β with values higher than −0:45 since the
middle of the 19th century to values around −0:55 at pre-
sent. This evolution seems to indicate a progression
towards irregularity in the monthly series.

Additionally, a detailed revision of Figure 9c depicts
four different consecutive tendencies on the scale param-
eter β since 1830 up to nowadays. The period 1830–1870
is characterized by a clear descending tendency, indicat-
ing increasing irregularity on rain amounts for successive
months. This tendency is interrupted for the period
1870–1930, being observed a decrease of the irregularity.
Nevertheless, for the period 1930–1990 the parameter β
notably decreases again, corresponding to years of nota-
ble irregularity. Finally, since the last years of the 20th
century up to nowadays, new signs of small decreasing
irregularity are detected. As a global point of view, the
period 1830–2019 is characterized by a reduction close to

FIGURE 9 (a) Statistical moments for different values of q of

the annual maximum intensity. Straight lines indicate scale

invariance over a temporal range from 1 to 9 months. (b) Slopes

determining the scaling function K(q). (c) Temporal evolution of

the scaling parameter β for Barcelona in the scaling regime from

1 to 9 months [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 10 (a) Evolution at annual scale of CO2 emission in the atmosphere, 1850–2018 (data obtained from https://www.statista.com,

Hamburg, Germany). (b) Evolution at annual scale of tropospheric concentration of CO2 (Meinshausen et al., 2017)
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0.15 units on the β scale parameter, manifesting a statisti-
cally significant tendency close to −0.06/100 years, incre-
menting the irregularity on the monthly and annual
rainfall regimes.

The evolution of CO2 emissions to the atmosphere, as
well as troposphere concentration (Figure 10a,b), with

four intervals of different increases, could be correlated
with relevant properties of the analysed pluviometric
regime. On the one hand, the global increase on the rain-
fall amounts fractal irregularity; on the other hand, the
increase on the complexity of the multifractal monthly
amounts structure and signs of future tendency to
monthly amounts randomness. Given that the Pearson
coefficient for a possible relationship between rainfall
amounts and CO2 increase is notably small (0.116), this
direct dependence on this greenhouse gas becomes very
doubtful. Nevertheless, changes on atmospheric CO2

could condition several pluviometric characteristics (frac-
tal irregularity, complexity and randomness), with a
delay for the cross-correlation between annual rainfall
and CO2 increases. The persistence, randomness and
anti-persistence, quantified by the Hurst exponent,
should not be affected by the CO2, given that the corre-
sponding Pearson coefficient is notably small (0.015).
Consequently, the oscillations of the Hurst exponent
should be attributable to the complexity of the atmo-
spheric physics mechanism. A quite similar small magni-
tude (−0.022) of the Pearson coefficient is obtained for
the central Hölder exponent. Nevertheless, the relation-
ship of multifractal parameters αmax and W with CO2

increases to 0.499 and 0.463, respectively. Given that
these two parameters contribute to CI, a relatively high
Pearson coefficient of 0.884 is finally obtained for the pair
(CI, CO2) and the increase of CO2 could generate a more
complex evolution of rainfall amounts. Figure 11

FIGURE 11 Normalized cross-correlation of annual

atmospheric concentration of CO2 and spectral amplitude, W, and

complexity index, CI

FIGURE 12 Dependence of parameter β on CO2, years 1832–2019. (a) Evolution of βj j with increasing CO2. (b) Cross-correlation

between β and CO2 annual atmospheric concentration
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illustrates the cross-correlation between tropospheric
CO2 and spectral amplitudes, W, and complexity indices,
CI. In both cases, a delay of 2 years is detected between
CO2 and the two multifractal parameters. These possible
correlations between increasing CO2 and fractal charac-
teristics of the rainfall amounts could be also illustrated
by the evolution of the irregularity parameter β, with a
global negative tendency towards the extreme irregularity
(Figure 9c), characterized by β = −1.0. The Pearson coef-
ficient achieves a high value, 0.801, suggesting a notable
relationship between increases of CO2 into the atmo-
sphere and more irregularity of the rainfall amount.
Figure 12a depicts the possible relationship between β
and increasing emissions of CO2, being quite evident the
role of the CO2 on the irregularity degree of the rainfall
series. This evolution is also verified by Figure 12b,
depicting the cross-correlation between β and CO2, char-
acterized by a lag of 4 years, a bit more long that the lag
detected for fractal parameters W and CI.

In short, whereas increases on CO2 emissions into the
atmosphere could be related to the increase the complex-
ity and irregularity of the rainfall multifractal structure,
oscillations detected on several fractal/multifractal
parameters would be only consequence of the physics
atmospheric structure. Besides the discarded relationship
among monthly, seasonal and annual positive rainfall
trends and CO2 increase, due to the low Pearson coeffi-
cient obtained, global positive trends on rainfall amount
at annual, seasonal and monthly scales would be contra-
dictory with respect to the expected evolution of the
western Mediterranean rainfall regime (Pérez and
Boscolo, 2010; Miranda et al., 2011), characterized by
reduction of rainfall amounts at monthly and annual
scales and by an increase of intense rainfall episodes of
short duration. Time trends analysed at seasonal and
annual scale for (1950–2019) interval years (Table 2)
would confirm, with a clear predominance of negative
time trends, a nowadays active reduction on rainfall
amounts, except for winter season. It is also worth men-
tioning that the second expected characteristic of the plu-
viometric regime in the Western Mediterranean (intense
rainfall episodes of short duration) would be in agree-
ment, from the viewpoint of fractal self-similarity and
multifractal theory, with increases of irregularity and
complexity.

6 | DISCUSSION

The analysis of the pluviometric regime, at monthly,
seasonal and annual scales, confirms the expected period-
icity, close to 11 years, associated with well stablished
dominant periodical changes on solar radiation. It should

be also cited that the empiric cumulated distribution
function of rainfall amounts at seasonal scale is well
represented by a single function, the Gumbel distribu-
tion, with different parameters for every season. Con-
versely, although the L-moments procedure suggests the
same distribution for the annual series, the discrepancies
between theoretical and empirical cumulated distribution
functions are quite notable for annual amounts ranging
from 200 up to 500–600 mm�year−1.

Based on the Mann–Kendall test, statistical signifi-
cant time trends are detected at monthly (February,
August and September), seasonal (winter and autumn)
and annual scales by considering the whole recording
period. It is also relevant that, whatever the statistical sig-
nificance level for every month, most of time trends are
positive for the whole recording period at seasonal and
annual scale. Nevertheless, the predominant tendency at
these scales for the years 1900–1950 and 1950–2019
changes to negative, except for winter. This fact could be
partially explained taking into account the last decades of
the Little Ice Age (Mann, 2003, among others) for years
1800–1850, and a tendency to recover higher tempera-
tures (years 1850–1900). It is very suggestive the simulta-
neity of this recovery with the continuous increase of
CO2 emissions along the 20th century and beginning of
the 21th, with the subsequent increasing concentration
in the troposphere. The results obtained by Serrano-
Notivoli et al. (2018), who detected a decrease of the
frequency of low precipitation events, an increase of the
frequency of high and very high events and a significant
negative trend in mean amounts when considering all
the precipitation days, especially for the Mediterranean
coast, would be in agreement with the predominant neg-
ative time trends obtained in this research for 1900–1950
and 1950–2019, only departing of this pattern the winter
season, and the increase of the fractal irregularity and
multifractal complexity. It is also relevant to remember
that Fern�andez-Montes et al. (2013) deduced that a great
amount of precipitation in the Iberian Peninsula tend to
concentrate in relatively few days, primarily conditioned
by the atmospheric circulation and the moisture content.
These results would be also in agreement with the mani-
fested fractal irregularity increment of the rainfall regime
in Barcelona.

Some analyses of rainfall annual trends at European
and Mediterranean scales are also relevant, being notably
coincident with the results obtained for the Barcelona
series analysed in this paper. First of all, Schönwiese and
Rapp (1997) detected positive time trends for northern
Europe and negative ones for southern Europe. A more
detailed annual time trends for the Mediterranean area
has been more recently published by Philandras et al.
(2011). These authors detected 36 annual rainfall series
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(years 1900–2010) with negative time trends (20 of them
exceeding or equalling 95% statistical certainty and only
9 positive annual series). Additionally, detailing the
obtained data on three domains (Western, Central and
Eastern Mediterranean), these authors assigned three dis-
tinct global negative annual time trends, all of them statisti-
cally significant at 95%, corresponding to the Eastern
Mediterranean (−1.50 mm�year−1), the Central Mediterra-
nean (−3.01 mm�year−1) and the Western Mediterranean,
the most affected for the climatic change (−3.61
mm�year−1). In consequence, at least from the point of view
of annual rainfall amounts, Barcelona city and its metropol-
itan area (Western Mediterranean) would be characterized
by one of the most notably affected by the climatic change,
with −1.39 mm�year−1 trend (90% significant) for years
1900–1950 and −0.17 mm�year−1 for 1950–2019.

Given that the time trend signs for the successive
50 years segments and CO2 increases, the possibility of the
rainfall regime being affected by CO2 emissions and con-
centration on the troposphere has been analysed by com-
paring them with self-similarity and fractal and
multifractal results, being finally assumed that these emis-
sions could be associated with increasing complexity and
irregularity of the rainfall regime, in agreement with the
Pearson coefficients obtained, some of them moderate or
notably high for pairs of fractal/multifractal parameters
and CO2 concentration. The results of the same strategy,
applied to rainfall amounts, are doubtful given that the
Pearson coefficients obtained were notably small and a
clear relationship between rainfall amount changes and
CO2 increase is not so evident. Nevertheless, the tendency
to reduce seasonal and annual amounts along the last
70 years (1950–2019) is quite evident, coincident with a
high increase on CO2 emissions (1950–1980) and years of
relatively minor emissions rate (1980–2017), but with con-
tinued increments of CO2 concentration into the atmo-
sphere, varying from 312.8 ppm, year 1950, to 397.5 ppm,
year 2017 (Meinshausen et al., 2017). In agreement with
Richardson et al. (2016), bearing in mind that the changes
on rainfall amounts would not be directly affected by the
CO2 evolution, but more depending on the warming of
land's surface due to CO2 emissions, some relationships
(in terms of Pearson coefficients for instance) between
these tropospheric concentration and changes on rainfall
regimes would be difficult to obtain. Consequently, the
interpretation of the rainfall amount changes in terms of
CO2 evolution would be another quite different objective
for future analyses, always taking into account the men-
tioned warming of land's surface. Nevertheless, in spite of
these mentioned shortcomings, two examples of the possi-
ble effects of CO2 on rainfall characteristics, assuming
effects, could be cited. Bütgen et al. (2021) have recently
analysed, at European scale, the relationship of drought

severity, rainfall irregularity and negative time trends and
CO2 evolution in the atmosphere. At local scale
(NE Spain), Lana et al. (2021b) have researched the possi-
ble dependence of rainfall time trends on CO2 emissions
and tropospheric concentration changes.

With respect to possible monthly rainfall forecasting, the
fractal/multifractal parameters, based on self-similarity scal-
ing, the reconstruction theorem and the MDFA algorithm,
could suggest a notable complexity on the autoregressive
forecasting of monthly amounts. Nevertheless, this short-
coming does not necessarily represent a wrong estimation of
forthcoming monthly amounts. The results obtained by
Lana et al. (2021a), corresponding to the fractal/multifractal
theory and the autoregressive ARIMA algorithm applied to
forecast monthly rainfall amounts in Catalonia (NE Spain),
depicted reasonable small discrepancies between real and
forecasting monthly amounts. Taking into account that the
database was notably shorter (50–60 years) in comparison
with the rainfall series analysed in this research, and that
windows lengths less than 300 months were necessary for
the successful application of the ARIMA algorithm, forecast-
ing of monthly amounts in Barcelona city could be com-
puted with the nowadays longer monthly series, with a
certain degree of confidence. Small forecasting errors would
be expected and the necessary number of monthly data to
correctly apply the ARIMA algorithm would be absolutely
available considering the long data series.

In short, according all these results, the future pluvio-
metric regime in Barcelona city would be characterized,
by moderate, but statistically significant, time trends
(negatives in agreement with the last 70 years, perhaps
with the exception of the winter season) and a gradual
and significant increase on the monthly irregularity and
complexity (verified by self-similarity and multifractal
analyses), being the increment on the CO2 emissions a
possible correlation factor of this evolution, a question to
be investigated with more detail in future researches. It is
also noticeable that these results obtained for Barcelona
city could be also useful to prevent the effects of future
changes on rainfall patterns affecting other cities of the
same metropolitan area, close each other, all of them
emplaced along a continuous urbanized narrow fringe
delimited by the Western Mediterranean coast and the
Littoral and Pre-Littoral chains, and with a dense popula-
tion exceeding 3.5 million inhabitants.

7 | CONCLUSIONS

The long rainfall records, at monthly and annual scales,
in Barcelona city have permitted detailed analyses of the
rainfall patterns since years 1786 up to 2019. Periodicity
at annual scale, time trends of complete series and

16 LANA ET AL.



50 years segments, with the corresponding results of sta-
tistical significance, based on the Mann–Kendall test,
have permitted to obtain a first point of view of the rain-
fall amounts evolution. The different year intervals could
be assumed coincident with the last period of the Little
Ice Age, the recovery of temperature levels and, finally,
with the high increases of CO2 emissions and concentra-
tions in the troposphere along the 20th century and the
beginning of the 21th century.

In spite of the relationship between rainfall
amounts and CO2 emissions, as well as tropospheric
concentration, have been discarded due to small Pear-
son coefficients and the necessity of land's warming
data for a better interpretation, the effects of CO2 have
been better detected (again by means of Pearson coeffi-
cient values) by mean of the parameters of the multi-
fractal analysis and self-similarity scaling results, with
evidences of increasing structural complexity and irreg-
ularity of rainfall series, associated with increasing
CO2 emissions and their concentration in the
troposphere.

Finally, this possible rainfall patterns–CO2 correlation
is expected to be complemented by taking advantage of
warming land's surface data, probably much more
depending on GHGs (greenhouse gasses) increments
than some patterns of the pluviometric regimes.
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