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a b s t r a c t 

In this work, an analysis of multifractal parameters of daily precipitation series over the Iberian Peninsula 

was performed in two 30-year periods to explore whether these properties follow any pattern. Fluctu- 

ations of precipitation series show three different scaling regions. Only two distinct regimes for small 

and large timescales can be confirmed, while intermediate scales are part of a transition region. It is 

also observed a certain degree of multifractality, which is higher for small timescales. At these scales, 

there is a high persistence which follows the spatial gradient of the annual precipitation. Moreover, mul- 

tifractal parameters of the precipitation are modified according to complex spatial and temporal patterns. 

Only persistence uniformly decreases in the last period. Other relevant findings are the changes in the 

asymmetry of multifractal spectra in the eastern belt at larger timescales, which might be related to the 

change in the behavior of the Mediterranean cyclones. 

© 2022 The Authors. Published by Elsevier Ltd. 
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. Introduction 

Climate change might impact natural and human systems in 

ifferent ways. Some include changes in quantity and quality of 

ater resources, negative impacts on agriculture or an increment 

n frequency of droughts, floods or wildfires, among others [ 1 , 2 ].

 closely relation between some of these effects and precipitation 

atterns, makes quite relevant the study of this climatic variable 

or a better understanding of the hydrological systems [3] . 

Precipitation is a climatic variable of great relevance for the 

berian Peninsula. This region is located between Africa and Cen- 

ral Europe, more precisely, at the south of Europe and in the west- 

rn Mediterranean basin. Unlike other Mediterranean regions, this 

ne is characterized by having the Atlantic oceanic influence, what 

roduces a climate with irregularity in water regime [4] , which 

akes this geographic location specially interesting to study rain- 

all. According to de Luis et al. [5] , seasonal precipitation regimes 

n the Iberian Peninsula can be explained in a simple way, as the 

um of three factors that contributes to the high spatial variability: 

n Iberian inland component, and the Atlantic and Mediterranean 

ceanic components which becomes more notable at the west and 

ast, respectively. Thus, water resources scarcity is notable in this 

egion, as it is shown by some models that predict a drier precip- 

tation regime, particularly, due to a prolonged dry season [6] . Ac- 
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ually, several authors showed that seasonal precipitation regimes 

re modifying in this region [ 5 , 7–9 ]. 

Climate variability studies based on empirical meteorological 

ata are of great importance. Much of them are based on statisti- 

al analysis [10–13] . Nevertheless, an growing interest in multifrac- 

al analysis is taking place in the last decades [14–16] . Multifrac- 

al analysis is useful to study the complexity and non-linearity of 

ime series which cannot be addressed with other linear methods. 

hese techniques are based on the fractal theory [ 17 , 18 ]. A frac-

al is a geometric object characterized by its self-similarity or scale 

ndependency when they are split into smaller parts. Many stud- 

es have demonstrated that fluctuations of several environmental 

ariables and, particularly, precipitation, have multifractal nature, 

nd contain a range of scaling exponents which characterize the 

emporal structure of the time series. Thus, the underlying process 

an be described by the multifractal parameters. Some of the most 

mportant ones studied here are the Hurst exponent, the Hölder 

xponent with maximum spectrum, the width and the asymmetry 

f the multifractal spectrum [ 14 , 19 , 20 ]. 

In recent years, a technique is being widely used to get infor- 

ation about the multifractal scaling properties of temporal fluc- 

uations in signals. This is the multifractal detrended fluctuation 

nalysis (MF-DFA), which was developed by Kantelhardt et al. [21] . 

his technique is a useful method to deal with non-stationary time 

eries. Its applications extend to several climatic variables, as ex- 

osed in different studies [ 3 , 16 , 20 , 22 ]. 

Due to the high variability in the spatial and temporal distri- 

ution of rainfall in the Iberian Peninsula, it is appropriate to ana- 

yze the complexity and non-linearity of precipitation series in dif- 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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erent time periods. Thus, it will be possible to explore whether 

hese properties follow geographical or temporal patterns. To this 

urpose, two independent 30-year periods are analyzed with MF- 

FA and compared. Because of the data availability and their qual- 

ty, the two 30-year periods are limited to 1960 - 1989 and 1990 

 2019. Hence, the analysis of the spatial and temporal variabil- 

ty is performed through the study of the changes in multifrac- 

al parameters of daily precipitation series between these peri- 

ds. Furthermore, a preliminary analysis of linear trends of annual 

recipitation series is carried out to improve the information ex- 

racted about the climate variability in this region. This work is 

tructured as follows. Section 2 includes the description of data, 

auge stations and methods used; results are collected and dis- 

ussed in Section 3 and, lastly, Section 4 includes the main con- 

lusions drawn in this study. 

. Materials and methods 

.1. Data 

This study is based on daily precipitation data series from 29 

eteorological stations distributed over the Spanish region of the 
Fig. 1. (a) Meteorological stations. (b) Orog

2 
berian Peninsula during the period 1960 - 2019 (see Fig. 1 ). This 

eads to a total amount of 21,915 records, split up into two sub- 

eriods (1960 - 1989 and 1990 - 2019) with N 1 = 10958 and N 2 = 

0957 , respectively. 

Raw data records were obtained via the Spanish Meteorological 

gency (‘‘Agencia Estatal de Meteorología’’) from the AEMET Open- 

ata website at http://www.aemet.es/es/datos _ abiertos/AEMET _ 

penData . This network contains 261 stations across the consid- 

red region. To get reliable results, a previous identification of 

issing data was carried out and we discarded time series which 

ontained more than 0.01% missing values and more than 10 con- 

ecutive ones for both periods. After this procedure, the remaining 

9 series were collected. Some basic information about these sta- 

ions can be seen in the Appendix A, in Table A.1 . The annual pre-

ipitation was also computed from daily rainfall and an analysis 

f inter-annual trends was performed through simple least-squares 

ts. 

The set of gauge stations covers the main two climate vari- 

nts of the Iberian Peninsula: the Atlantic climate type and the 

editerranean semiarid subtype [23] . The precipitation climatol- 

gy in the Spanish region of the Iberian Peninsula is character- 

zed by strong gradients with abundant annual precipitation to the 
raphic map of the Iberian Peninsula. 

http://www.aemet.es/es/datos_abiertos/AEMET_OpenData
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orth and northwest ( P > 10 0 0 mm / year ) and lower values to-

ards the southeast ( P < 400 mm / year ) [10] . In this last region,

ertain areas can even have less than 200 mm/year [24] . However, 

 higher complexity in the spatial and temporal seasonal variabil- 

ty is present in the study area, because of the two water masses 

nfluences and orography [5] . Fig. 1 (b) shows the orography of the 

egion. 

.2. Multifractal detrended fluctuation analysis 

In order to apply the MF-DFA algorithm, it is common to con- 

emplate the deseasonalized time series when analyzing climato- 

ogical variables [ 16 , 25 ] and, in particular, hydrological variables 

26–28] . In our study, the precipitation (normalized) anomalies 

ere computed similarly to the work of Xavier et al. [29] , to avoid

hat seasonal periodicity affected power law behavior. As an exam- 

le, the whole time series with daily resolution of station No. 15 

nd its corresponding deseasonalized version are shown in Fig. 2 . 

MF-DFA algorithm was developed by Kantelhardt et al. [21] . 

his method computes the “profile” (the integrated series after 

ubtracting the mean) and obtains its fluctuation function divid- 

ng this profile into multiple segments. More precisely, the pro- 

le is divided into N s ≡ int ( N/s ) nonoverlapping segments of equal 

ength s and the same procedure is repeated from the end of the 

eries to the beginning. As a result, 2 N s segments are obtained al- 

ogether for each time scale s (see [21] for more details). Next, the 

ocal trend, y ν (i ) , must be determined for each segment ν by the 

east-squares fit of the values [ 30 , 31 ]. In this document, the sim-

le linear fit has been used. The local trend is subtracted from the 
ig. 2. Complete time series and its corresponding deseasonalized version (precip- 

tation anomalies) of station No. 15. 
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3 
rofile as follows: 

 

2 ( ν, s ) ≡ 1 

s 

s ∑ 

i =1 

{ Y [ ( ν − 1 ) s + i ] − y ν ( i ) } 2 (1) 

or each segment ν , ν = 1 , . . . , N s and 

 

2 ( ν, s ) ≡ 1 

s 

s ∑ 

i =1 

{ Y [ N − ( ν − N s ) s + i ] − y ν ( i ) } 2 (2) 

or each segment ν , ν = N s + 1 , . . . , 2 N s . 

Finally, to compute the q th order fluctuation function, the aver- 

ge over all segments is computed: 

 q ( s ) ≡
{ 

1 

2 N s 

2 N s ∑ 

ν=1 

[
F 2 ( ν, s ) 

]q/ 2 

} 1 /q 

(3) 

Since the averaging procedure in Eq. (3) cannot be used for q = 

 , a logarithmic averaging procedure must be applied instead [21] . 

If the analyzed series are long-range power law correlated, F q (s ) 

ncreases for large s as a power-law: 

 q ( s ) ∼ s h ( q ) (4) 

Consequently, the scaling exponent h (q ) can be obtained by 

eans of the computation of slopes in the log-log plots of F q (s ) 

s s for each q . 

Negative q values are related to the intervals with small fluctu- 

tions whereas positive ones describe the scaling behavior of large 

uctuations [32] . In general, h (q ) can depend on q , meaning that

mall and large fluctuations significantly scale in different ways. 

nly if h (q ) is independent of q , the series has monofractal nature.

For stationary signals, h (2) is the Hurst exponent H whereas, 

or non-stationary signals, it is retrieved from H = h (2) − 1 [33] .

or this reason, h (q ) is called as generalized Hurst exponent 

 21 , 26 , 34 ]. The standard Hurst exponent, H, provides information

bout the long-range correlations of the signals [34] . 

.3. Relation to standard multifractal analysis 

Kantelhardt et al. obtained an analytical expression [21] that 

onnected the MF-DFA to the standard box counting formalism 

 17 , 18 ]. As they demonstrated, the scaling exponent h (q ) defined

n Eq. (4) is related to the scaling exponent τ (q ) , which is de-

ermined by the partition function of the multifractal formalism. 

herefore, the multifractal spectrum or singularity spectrum, f (α) , 

an be computed via the Legendre transform as [35] : 

= 

dτ ( q ) 

dq 
and f ( α) = qα − τ ( q ) (5) 

here α is the singularity strength or Hölder exponent [36] . 

The shape of f (α) is often a concave-down parabola with a 

aximum value which is the most dominant scaling behavior [20] . 

he singularity strength at which f (α) reaches its maximum value 

s usually denoted by α0 . Large values of this parameter indicates 

hat the underlying process has “fine-structure" and is more com- 

lex [ 15 , 37 ]. Another important quantity from this spectrum is its 

idth, w , which provides information about the degree of multi- 

ractality of the signal [16] . A monofractal time series will have a 

pectral width close to zero. 

There are different kinds of parameters in literature to mea- 

ure the asymmetry of multifractal spectra [ 15 , 20 , 37–39 ]. In this

anuscript, it is used one based on the work of Shimizu et al. [37] ,

hich takes the multifractal spectrum and compute the second or- 

er polynomial fit of the shifted curve: 

f ( α) = A ( α − α0 ) 
2 + B ( α − α0 ) + C (6) 

The B coefficient is usually known as the asymmetry parame- 

er. When this parameter is equal to zero, the spectrum itself is 
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ymmetrical. On the other hand, if B > 0 the curve is left-skewed 

nd it is right-skewed when B < 0 [ 19 , 37 ]. A right-skewed spec-

rum indicates that small fluctuations ( q < 0 ) are favored and the 

ime series is less singular and has “fine-structure” [ 37 , 40 ]. A left-

kewed shape is associated to time series which are more singular 

nd are characterized by a “loss of fine-structure”. 

. Results and discussion 

.1. Descriptive statistics and trend analysis of annual precipitation 

Annual precipitation series were computed from daily records 

nd linear fits, based on least-squares regressions, were applied to 

hese series as a preliminary study of inter-annual variability. The 

resence of significant linear trends was analyzed for each loca- 

ion. Results are given in Table 1 . To this aim, t-tests were per-

ormed. 

A total amount of 14 stations (48% of sample) shows statisti- 

ally significant negative trends in the whole period 1960 - 2019. 

n example of four stations is depicted in Fig. 3 , where trends 

re statistically significant in the considered period. In these sta- 

ions, trends of −10.90, −1.71, −4.10 and −2.59 mm/year, respec- 

ively, were found. The most pronounced decreasing trend corre- 

ponds to the station No. 2 ( Fig. 3 (a)), located at the northwestern

oastal subregion of the Iberian Peninsula, which is characterized 

y abundant precipitation. The second highest decreasing trend be- 

ongs to the station No. 21, which is also located at this region. The 

est of locations with significant trends belong to the central and 

outhern mainland subregions, except for No. 24 ( Fig. 3 (d)), which 

s at the northeastern Mediterranean coastland. Furthermore, all 

hese 14 significant trends are consistent with a decrease in mean 

nd standard deviation of annual precipitation for the same sta- 

ions between both subperiods 1960 - 1989 and 1990 - 2019 (see 

able 1 ). 
able 1 

ean, standard deviation (SD) and daily maximum (Max.) of precipitation for each sub

btained by least-squares regression of annual precipitation series. Slopes highlighted in b

1960–1989 1990–2019 

No. Mean SD Max. Mean 

1 1014.1 169.5 66.6 1017.0 

2 1975.4 400.8 218.0 1671.3 

3 370.2 98.0 78.6 351.5 

4 359.6 116.9 220.2 286.3 

5 507.8 134.8 70.5 424.8 

6 584.7 111.4 51.6 545.1 

7 577.9 151.2 69.6 490.9 

8 1590.5 242.1 149.8 1560.2 

9 1747.0 268.5 130.4 1686.3 

10 390.6 89.0 53.6 356.3 

11 391.1 78.9 64.6 429.3 

12 568.5 116.3 98.5 495.5 

13 668.0 146.6 58.3 638.1 

14 429.4 100.7 62.0 352.3 

15 423.2 133.8 73.4 367.4 

16 472.4 111.6 66.8 411.7 

17 464.3 121.3 87.0 411.1 

18 1438.5 323.0 116.0 1254.6 

19 594.2 237.3 151.0 502.2 

20 296.5 117.5 99.8 287.4 

21 2001.6 357.3 175.0 1690.4 

22 395.8 88.2 48.7 354.6 

23 623.3 202.7 101.0 503.3 

24 568.3 192.8 176.5 499.6 

25 465.1 187.2 148.4 454.4 

26 486.9 109.6 80.0 422.6 

27 397.6 121.9 66.1 388.0 

28 434.3 97.8 76.6 392.9 

29 315.3 77.3 67.3 326.9 

4 
.2. Hurst exponents for different regions and for periods 1960 - 

989 and 1990 - 2019 

MF-DFA method was applied to deseasonalized daily precip- 

tation series at 29 locations for each subperiod. The q depen- 

ent fluctuation function was obtained from these signals for q ∈ 

 −5 , 5 ] with step 0.5 and over a wide range of time scale s , more

recisely, from s = 10 to 1094 days ( ≈ N/ 10 ) and step of 2. Con-

equently, log-log plots of F q (s ) vs s were obtained for each case. 

lots for stations No. 15, 20 and 2 in both subperiods are depicted 

n Fig. 4 . It can be observed that the fluctuation function has three 

learly differentiated scaling regions, indicated by (i) - (iii). All sta- 

ions exhibit these three distinct regimes. However, the amplitudes 

f these regions vary, and might be shifted depending on the loca- 

ion (see Fig. 4 ). Moreover, the same location can exhibit different 

imits for the three regions ((i) – (iii)) in both subperiods of 30 

ears. Average values of crossovers that separate the three scaling 

egimes are the following. The average first crossover that separate 

egions (i) and (ii) is 45 and 41 days for the first and second subpe-

iods, respectively. The second average crossovers are 151 and 134 

ays. 

The power spectra of time series only show two different scal- 

ng regions which can be clearly distinguished, as it can be seen for 

he above-mentioned stations in Fig. 4 (g), (h). Most stations dis- 

lay statistically non-significant slopes for low frequencies, while 

ll of them show marked slopes for high frequencies. This means 

hat for a wide range of high frequencies, the precipitation series 

how a power-law decay of the spectrum, P ( f ) ∝ f −β , what indi- 

ates a strong persistence at small scales [41] . The linear fits in 

his last interval of frequencies agree the region (i) found for s . As 

 consequence, both results confirm that fluctuations of precipita- 

ion series present mainly two different scaling regimes for large 

nd small timescales, while the region (ii) seems to be a transition 

egion for small fluctuations ( q < 0 ). 
period, together with the slope and Pearson correlation coefficient of linear fits 

old are statistically significant at 95% confidence level. 

Annual trends 

SD Max. Slope (mm/year) R 

175.7 132.7 −0.06 ± 1.3 0.01 

366.4 118.6 −10.90 ± 2.7 0.46 

101.0 146.6 −0.27 ± 0.7 0.05 

114.7 270.2 −1.22 ± 0.9 0.18 

130.5 119.1 −2.54 ± 1.0 0.32 

96.9 52.4 −1.71 ± 0.8 0.28 

115.0 98.2 −2.84 ± 1.0 0.35 

221.1 167.7 −0.20 ± 1.7 0.02 

257.3 185.2 −2.29 ± 2.0 0.15 

117.0 69.3 −0.93 ± 0.8 0.16 

87.0 82.6 0.71 ± 0.6 0.15 

109.3 56.5 −1.92 ± 0.8 0.28 

140.9 63.6 −0.50 ± 1.1 0.06 

80.5 64.6 −2.32 ± 0.7 0.41 

95.2 58.9 −1.89 ± 0.9 0.28 

93.4 79.4 −2.04 ± 0.8 0.34 

95.8 50.2 −1.65 ± 0.8 0.26 

296.5 150.0 −4.61 ± 2.3 0.25 

237.7 132.7 −3.14 ± 1.8 0.23 

92.7 179.7 0.34 ± 0.8 0.06 

347.4 171.9 −9.89 ± 2.6 0.45 

76.9 50.3 −1.34 ± 0.6 0.28 

171.5 109.3 −4.10 ± 1.4 0.37 

111.4 140.8 −2.59 ± 1.2 0.28 

154.0 178.2 0.22 ± 1.3 0.02 

108.8 60.5 −1.88 ± 0.8 0.29 

89.8 51.4 −0.67 ± 0.8 0.11 

95.7 68.8 −0.94 ± 0.7 0.17 

88.1 70.8 0.56 ± 0.6 0.12 
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Fig. 3. Linear fits of annual precipitation in the period 1960–2019 of four meteorological stations. 
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The best linear fits of F q (s ) in station No. 15 for regions (i) and

iii) are depicted in Fig. 5 (a). Generalized Hurst exponents, h (q ) ,

btained from these linear fits are shown against q moments in 

ig. 5 (b). A non-monotonic function of q can be seen in the region

i) due to the abrupt change of the tendency for negatives q val- 

es (see Fig. 5 (a), (b)). This phenomenon might be related to the 

imited resolution of the daily time series which might be caus- 

ng spurious results when the small fluctuations are magnified by 

he method in these smaller scales. Similar outcomes have been 

btained for the rest of stations. 

A clear evidence of multifractality is the q dependence of h . In 

act, a measurement of the degree of multifractality is the range 

f h (q ) [32] . There is a wide range of h for small timescales and

 small but significant range of values for large timescales, as it 

s shown in the Fig. 5 (b). Therefore, these signals are multifractals 

nd show a greater degree of multifractality at small timescales. 

Regarding the well-known Hurst exponent, H, some interesting 

esults have been obtained. All values are lower than 1, what in- 

icates that time series are stationary [33] . The greatest values of 

correspond to the smallest timescales (region (i)), as it is also 

onfirmed by the marked slopes found in the power spectra. For 

his regime, H i ∈ [ 0 . 58 , 0 . 79 ] , while the region (iii) shows values 

f H iii ∈ [ 0 . 38 , 0 . 65 ] . These last weak long-term correlations de- 

end on the location and only station No. 16 for the last period 

as a Hurst exponent similar to a white noise process consider- 

ng results obtained from MF-DFA. Nevertheless, power spectra at 
n

5 
hese timescales only exhibit statistically significant slopes for sta- 

ions No. 3, 8, 13 and 19 for the first period and No. 1, 2, 11, 18

nd 21 for the second one. Thus, all precipitation series show a 

egime with strong long-term persistence for small timescales and 

ther regime where they resemble white noise for large timescales. 

ue to this discrepancy in the results, the analysis of the possi- 

le changes in H has been only performed for the small timescales 

region (i)), where the values of H are considerably larger and the 

ersistence is more marked. 

The spatial distribution of H in both periods of 30 years have 

een depicted in Fig. 5 (c), (d). Both periods show the highest val- 

es ( H ∈ [ 0 . 70 , 0 . 79 ] ) at the northeastern Atlantic coast, which 

radually decrease to the southeast and the east. In this last area, 

he reduction is even more noticeable. The lowest values in both 

eriods correspond to stations No. 20, 28 and 29. The analysis of 

hanges between periods 1960–1989 and 1990–2019 reveal that 

here is a little reduction of persistence in most stations of the cen- 

ral and northwestern inland areas and in the southern part. These 

egions present values of H ∈ [ 0 . 64 , 0 . 73 ] for the first period and 

 ∈ [ 0 . 61 , 0 . 70 ] for the second one. 

.3. Parameters of the singularity spectra for different regions for 

eriods 1960–1989 and 1990–2019 

The non-monotonic function of q found for the scaling expo- 

ent in the region (i) in most stations leads to unreliable singular- 
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Fig. 4. (a–f) Log-log plots of fluctuations function F q (s ) vs time scale s for different stations and periods. For clarity reasons, only half of the analyzed curves are depicted. 

(g, h) Power spectrum of the same stations and their corresponding slopes. 
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ty spectra f (α) when the Eq. (5) is applied. They exhibit a non- 

arabolic shape with abrupt changes for q < 0 and large statistical 

rrors. Therefore, the analysis of changes in parameters that de- 

cribe the multifractal spectra ( α0 , w and B ) has been only per-

ormed for the region (iii), i.e., for large timescales. An example 

f these spectra can be found in Fig. 6 (a), (b). Similar parabolic 

hapes have been obtained for every station. In the given ex- 

mple, the multifractal parameters are shown for both subperi- 

ds. α0 increases in the last period and, as a result, the spec- 

rum is shifted to the right. Both curves show widths signifi- 

antly greater than zero, what proves that signals have a multi- 

ractal behavior, although it is more evident for the period 1990 

 2019. Two different behaviors can be found for the asymmetry 
6 
arameter B . For the sake of clarity, the shifted curves of spec- 

ra with respect to its maximum were depicted together with 

ts respective second order polynomial fit in Fig. 6 (c), (d). Ad- 

itionally, the second order polynomial functions with the same 

 and C coefficients and null B coefficient are plotted in the 

ame figures. A comparison between both fits is enough to see 

hat this station had approximately symmetric multifractal spec- 

rum ( Fig. 6 (c)), which changed to a left-skewed spectrum in the 

ast 30 years, with B = 0 . 14 ± 0 . 04 ( Fig. 6 (d)). As explained pre-

iously in Section 2.3 , this means that this time series becomes 

ore singular, with loss of “fine-structure”. The multifractal pa- 

ameters for all locations are shown with their statistical errors in 

able A.2 . 
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Fig. 5. (a) Log-log plot of fluctuation function F q (q ) vs time scale s for different q values in station No. 15 and subperiod 1960 - 1989. (b) h (q ) and their respective statistical 

errors obtained for regions (i) and (iii) for the same station. (c, d) Spatial distribution of H for the region (i). 

Fig. 6. (a, b) Singularity spectra f (α) in station No. 2 in both subperiods obtained for the scaling region (iii). (c, d) Shifted curves of the spectra shown in panels (a, b). The 

reference curves with the same A and C coefficients from second order fits and B = 0 are depicted as solid black lines. For clarity reasons, error bars have been omitted here. 

7 
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Fig. 7. Spatial distribution of multifractal parameters obtained for the scaling region (iii). 
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The spatial distribution for the maximum scaling exponent α0 

or period 1960–1989 is depicted in Fig. 7 (a). For this period, there 

s a high variability in α0 . However, some areas which present 

ore homogeneity can be observed. The northwestern coastal part 

stations No. 1, 2 and 21), with α0 ∈ [ 0 . 56 , 0 . 60 ] ; the northeast- 

rn area of the Iberian Peninsula (stations No. 6, 11, 29 and 28), 

ith α0 ∈ [ 0 . 52 , 0 . 55 ] ; the southern part (No. 19 and 10, α0 ∼
 0 . 50 , 0 . 52 ] ) and the northern Atlantic coast (No. 8 and 9, α0 ∈ 

 0 . 45 , 0 . 49 ] ). This last area shows some of the lowest values of α0 ,

enoting that these series are more characterized by a “smooth- 

tructure”. On the contrary, stations No. 13 and 7 are those with 
8 
he highest value (see Table A.2 ), meaning that these series are 

ore complex (possess “fine-structure”). 

On the other hand, the plot for the last 30 years is de- 

icted in Fig. 7 (b). There is a slight increase of values for the 

ost part of the sample in the period 1990–2019. The north- 

estern Atlantic coast present values of α0 ∈ [ 0 . 63 , 0 . 66 ] , while 

or the northwestern inland area, α0 ∈ [ 0 . 67 , 0 . 69 ] ; the north- 

astern area, now excluding station No. 11, which shows val- 

es of α0 ∈ [ 0 . 60 , 0 . 66 ] and the northern Atlantic coast, with 

0 ∈ [ 0 . 49 , 0 . 53 ] . In this last period, the southern part is more 

eterogeneous. 
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Fig. 8. Histograms of changes in parameters between periods 1960 - 1989 and 1990 - 2019. The width of the bins exceeds the largest statistical error in each parameter. 

Non-significant changes are omitted. (a) Hurst exponent in the scaling region (i). (b, c, d) Parameters of the multifractal spectra in the scaling region (iii). 
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Fig. 7 (c), (d) depict the spatial distribution of the spectral width 

 for both subperiods. This magnitude shows a wide range of 

alues and high spatial variability. Additionally, a little less than 

alf of stations exhibit non-significant changes. Therefore, it can- 

ot be identified any geographical pattern where these changes 

re consistent. The highest values correspond to stations No. 19 

n the first period and No. 23 in the second one. This means 

hat these time series have relatively more scaling exponents for 

arge and low fluctuations in the respective periods and, thus, 

hey possess a higher degree of multifractality. On the contrary, 

he lowest values (stations No. 24 in the period 1960–1989 and 

o. 10 in 1990–2019) are not significantly different from zero (see 

able A.2 ). Hence, these signals are monofractals in the respective 

eriods. 

For the asymmetry parameter in the first period (see Fig. 7 (e)), 

t can be observed a region with high homogeneity and positive 

alues ( B ∈ [ 0 . 12 , 0 . 39 ] ). This region covers the most part of the

astern area. As a result, their respective multifractal spectra are 

eft-skewed. This means that series from the eastern part of the 

eninsula in this period are characterized by being singular and 

aving low fluctuations with “smooth-structure”. Outcomes for the 

eriod 1990 - 2019 are depicted in Fig. 7 (f). In this figure, the ge-

graphic pattern found in the eastern part of the Iberian Penin- 

ula changes differently depending on the location. However, al- 

ost all the locations in this subregion show a decrease of the 

symmetry coefficient, what means that they become less singu- 

ar and exhibit a more complex structure of the low fluctuations. 
9 
urthermore, some of these locations (No. 4, 25, 28 and 24) slightly 

ary its asymmetry from left to right-skewed, while spectra from 

tations No. 3 and 7 become noticeably right-skewed. Therefore, 

hey display low fluctuations with “fine-structure” in the last 

eriod. 

.4. Global changes in H , α0 , w , and B between both periods 

To clarify the general changes in H and in multifractal parame- 

ers α0 , w and B , their histograms are shown in Fig. 8 . There are 22

tations that exhibit a significant decrease of the Hurst exponent 

etween both periods ( Fig. 8 (a)). This denotes a global reduction 

f the persistence in the Iberian Peninsula at small timescales. In 

ig. 8 (b), an increase of α0 is observed for large scales in 24 sta- 

ions, what indicates a rise in the complexity of local fluctuations 

f low magnitude. The width of spectra also shows a rise between 

oth periods, but only for 17 stations (see Fig. 8 (c)). For this reason,

nd because no geographical patterns were found for this parame- 

er, it cannot be discarded that these increases are due to the effect 

f the local conditions. Lastly, the asymmetry coefficient does not 

xhibit a marked tendency (see Fig. 8 (d)). 

. Conclusions 

48% of gauge stations present statistically significant decreas- 

ng trends in annual precipitation series between 1960 and 2019. 

hese outcomes are also consistent with a decrease in mean and 
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Table A.1 

Description of gauge stations of daily precipitation data series recorded at the 

Iberian Peninsula in the period 1960–2019. 

No. Location 

Latitude 

( °N) 

Longitude 

( °W) 

Altitude (m 

a.s.l.) 

1 La Coruña 43.37 8.42 58 

2 Santiago de Compostela 

Airport 

42.89 8.41 370 

3 Albacete Air Base 38.95 1.86 702 

4 Alicante 38.37 0.49 81 

5 Badajoz Airport 38.88 6.81 185 

6 Burgos Airport 42.36 3.62 891 

7 Cuenca 40.07 2.13 948 

8 San Sebastián, Igueldo 43.31 2.04 251 

9 Hondarribia, Malkarroa 43.36 1.79 4 

10 Granada Air Base 37.14 3.63 687 

11 Logroño Airport 42.45 2.33 353 

12 León, Virgen del Camino 42.59 5.65 912 

13 Ponferrada 42.56 6.60 534 

14 Getafe 40.30 3.72 620 

15 Madrid Airport 40.47 3.56 609 

16 Madrid, Cuatro Vientos 40.38 3.79 690 

17 Madrid, Retiro 40.41 3.68 667 

18 Navacerrada Pass 40.79 4.01 1894 

19 Málaga Airport 36.67 4.48 5 

20 Alcantarilla Air Base 37.96 1.23 75 

21 Vigo Airport 42.24 8.62 261 

22 Salamanca Airport 40.96 5.50 790 

23 Sevilla Airport 37.42 5.88 34 

24 Tortosa 40.82 −0.49 50 

25 Valencia 39.48 0.37 11 

26 Valladolid Airport 41.71 4.86 846 

27 Zamora 41.52 5.74 656 

28 Daroca 41.11 1.41 779 

29 Zaragoza Airport 41.66 1.00 249 
tandard deviation of annual precipitation between the subperiods 

960–1989 and 1990–2019. Most stations with decreasing annual 

ainfall records are distributed over the central part of Spain, which 

s characterized by a strong continental climate with a relatively 

ow precipitation amount (between 400 and 600 mm/year) [10] . 

hus, this region is uniformly becoming more arid in the last pe- 

iod (1990 - 2019). 

The MF-DFA method reveals that the fluctuations of the daily 

recipitation series contain three distinct scaling regions. In the in- 

ermediate scales, the curves mainly differ for the fluctuations of 

ow magnitude ( q < 0 ). The analysis of the power spectrum only 

xhibits two different regimes, showing clear differences between 

he small and large timescales. This indicates that the small fluctu- 

tions at intermediate scales belong to a transition region between 

he mentioned regimes. Similar findings of multi-scale multifrac- 

ality were also found for precipitation with hourly resolution in 

he United States [41] . In addition, they have also been observed 

n other complex systems in different fields of knowledge, such as 

hysics [42] , traffic flow [43] , astronomy [44] or economics [32] . 

Generalized Hurst exponents depend on q moments in every 

ase, what is a clear evidence of multifractality. The degree of mul- 

ifractality is higher for small timescales. In these scales, the se- 

ies exhibit a non-monotonic shape of h (q ) for small fluctuations 

 q < 0 ). This phenomenon might be a result of the influence of the

ime series resolution on the analysis at the smallest timescales. 

his led to unreliable results in the computation of the singular- 

ty spectra and the study of these ones was performed for large 

imescales only. 

All stations present a strong long-term persistence for small 

imescales and weak correlations for large timescales. However, 

hese last correlations are poorly confirmed by the power spec- 

ra for a few stations only. The standard Hurst exponent computed 

or small timescales shows a geographical pattern. It approximately 

ollows the strong gradient of annual precipitation which charac- 

erizes the Iberian Peninsula. This gradient exhibits large values 

o the north and northwest and lower values towards the south- 

ast [10] . The persistence is reduced in most stations between both 

tudied periods, what might be related to the annual precipitation 

ecrease found in the trend analysis. 

The features of multifractal spectra for large timescales show 

ore complex patterns. In fact, the spatial analysis of results is not 

oherent among different parameters. The main conclusions drawn 

re detailed next. α0 results show that there is a global rise in 

omplexity of low fluctuations (more presence of “fine-structure”), 

ainly in the Atlantic coast and the northern inland area. On the 

ther hand, half of stations exhibit significant variations of the 

idth, w , between both periods, although no pattern can be ob- 

erved. This might denote that the degree of multifractality might 

e affected by the local conditions. Finally, B only shows consistent 

ariations in the eastern part of the Iberian Peninsula, where the 

recipitation series become less singular and have more presence 

f “fine-structure” in the last period. Nevertheless, the strength of 

hese changes varies depending on the location and is particularly 

otable in some stations from the central area of the Mediter- 

anean coast and inland. This might be related to the change in 

he frequency and direction of the Mediterranean cyclones that af- 

ects this part of the Iberian Peninsula [45] . 

It has been shown that several scaling regimes with different 

ultifractal features are present in the precipitation series of the 

berian Peninsula. The nonlinear multifractal features are proved 

o be more complex and irregularly distributed than those derived 

rom the linear analysis. Furthermore, it has been observed that 

ome of these properties change over time in different scales. This 

act might reveal an important role of these parameters in the 

ong-term change of the precipitation. 
10 
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Table A.2 

Multifractal spectra parameters ( α0 , w and B ) in the scaling region (iii) and their respective statistical errors in every location for both subperiods. Results highlighted in 

bold are not significantly different from zero. 

α0 w B 

No. 1960 - 1989 1990 - 2019 1960 - 1989 1990 - 2019 1960 - 1989 1990 - 2019 

1 0.5940 ± 0.013 0.6356 ± 0.013 0.40 ± 0.08 0.35 ± 0.11 0.34 ± 0.04 0.20 ± 0.09 

2 0.5831 ± 0.007 0.655 ± 0.03 0.17 ± 0.09 0.51 ± 0.11 −0.05 ± 0.09 0.14 ± 0.04 

3 0.5364 ± 0.008 0.5593 ± 0.014 0.46 ± 0.14 0.51 ± 0.11 0.17 ± 0.19 −0.46 ± 0.08 

4 0.4276 ± 0.021 0.623 ± 0.03 0.43 ± 0.11 0.37 ± 0.13 0.21 ± 0.05 −0.114 ± 0.015 

5 0.5272 ± 0.019 0.661 ± 0.03 0.45 ± 0.10 0.42 ± 0.12 0.250 ± 0.023 −0.180 ± 0.021 

6 0.5485 ± 0.013 0.6209 ± 0.021 0.34 ± 0.09 0.45 ± 0.08 −0.0083 ± 0.0020 −0.179 ± 0.017 

7 0.6004 ± 0.010 0.5689 ± 0.011 0.26 ± 0.08 0.29 ± 0.10 0.35 ± 0.08 −0.30 ± 0.08 

8 0.4501 ± 0.017 0.4939 ± 0.006 0.33 ± 0.08 0.18 ± 0.06 −0.150 ± 0.016 −0.41 ± 0.06 

9 0.4853 ± 0.015 0.5218 ± 0.007 0.38 ± 0.08 0.19 ± 0.08 0.182 ± 0.017 0.083 ± 0.012 

10 0.518 ± 0.03 0.5820 ± 0.005 0.53 ± 0.10 0.14 ± 0.15 0.122 ± 0.014 0.00 ± 0.09 

11 0.5210 ± 0.013 0.6508 ± 0.016 0.28 ± 0.10 0.29 ± 0.10 −0.154 ± 0.014 −0.028 ± 0.013 

12 0.5739 ± 0.019 0.689 ± 0.03 0.50 ± 0.09 0.68 ± 0.10 0.010 ± 0.004 0.217 ± 0.018 

13 0.6145 ± 0.014 0.6723 ± 0.013 0.33 ± 0.09 0.24 ± 0.06 0.37 ± 0.05 0.038 ± 0.020 

14 0.4769 ± 0.014 0.5880 ± 0.010 0.29 ± 0.08 0.30 ± 0.11 −0.049 ± 0.009 −0.17 ± 0.10 

15 0.5549 ± 0.014 0.5771 ± 0.020 0.29 ± 0.08 0.37 ± 0.10 −0.33 ± 0.04 −0.128 ± 0.015 

16 0.4989 ± 0.017 0.5336 ± 0.010 0.35 ± 0.07 0.22 ± 0.11 −0.26 ± 0.03 −0.082 ± 0.009 

17 0.5195 ± 0.008 0.6206 ± 0.021 0.22 ± 0.09 0.44 ± 0.11 0.04 ± 0.07 −0.003 ± 0.008 

18 0.5759 ± 0.021 0.630 ± 0.03 0.42 ± 0.16 0.58 ± 0.09 0.199 ± 0.020 0.25 ± 0.04 

19 0.5098 ± 0.024 0.627 ± 0.05 0.57 ± 0.11 0.58 ± 0.16 0.37 ± 0.06 0.21 ± 0.03 

20 0.5610 ± 0.004 0.5410 ± 0.016 0.17 ± 0.12 0.37 ± 0.10 0.29 ± 0.15 0.27 ± 0.06 

21 0.5640 ± 0.006 0.6562 ± 0.018 0.18 ± 0.09 0.36 ± 0.12 0.11 ± 0.10 0.172 ± 0.019 

22 0.5317 ± 0.013 0.6056 ± 0.022 0.29 ± 0.08 0.51 ± 0.09 −0.030 ± 0.007 0.187 ± 0.019 

23 0.4658 ± 0.019 0.621 ± 0.04 0.46 ± 0.15 0.73 ± 0.11 −0.044 ± 0.011 0.159 ± 0.017 

24 0.5573 ± 0.017 0.4808 ± 0.016 0.14 ± 0.17 0.36 ± 0.12 0.4 ± 0.4 −0.132 ± 0.011 

25 0.5146 ± 0.022 0.5083 ± 0.012 0.52 ± 0.13 0.23 ± 0.09 0.24 ± 0.05 −0.21 ± 0.04 

26 0.5504 ± 0.013 0.6720 ± 0.009 0.24 ± 0.12 0.23 ± 0.12 −0.8 ± 0.3 0.089 ± 0.017 

27 0.5904 ± 0.009 0.6792 ± 0.024 0.25 ± 0.09 0.58 ± 0.11 0.19 ± 0.04 0.27 ± 0.06 

28 0.5254 ± 0.015 0.6194 ± 0.016 0.41 ± 0.11 0.42 ± 0.08 0.32 ± 0.06 −0.146 ± 0.016 

29 0.5488 ± 0.010 0.6071 ± 0.020 0.23 ± 0.09 0.61 ± 0.09 0.34 ± 0.06 0.037 ± 0.008 

R

 

 

 

[

 

[

[

[

[

[

[

eferences 

[1] IPCC Summary for PolicymakersClimate change 2013: the physical science ba- 

sis. contribution of working group i to the fifth assessment report of the in- 

tergovernmental panel on climate change. Stocker TF, Qin D, Plattner GK, Tig- 
nor M, Allen SK, Boschung J, et al., editors. Cambridge, United KingdomNew 

York, NY, USA: Cambridge University Press; 2013 . 
[2] . Summary for policymakers. In: Field CB, Barros VR, Dokken DJ, Mach KJ, Mas- 

trandrea MD, Bilir TE, et al., editors. Climate change 2014: impacts, adaptation, 
and vulnerability. part A: global and sectoral aspects. contribution of working 

group ii to the fifth assessment report of the intergovernmental panel on cli- 

mate change. Cambridge, United KingdomNew York, NY, USA: Cambridge Uni- 
versity Press; 2014. p. 1–32 . 

[3] Sankaran A, Chavan SR, Ali M, Sindhu AD, Dharan DS, Khan MI. Spa- 
tiotemporal variability of multifractal properties of fineresolution daily grid- 

ded rainfall fields over India. Nat Hazards 2021;106:1951–79. doi: 10.1007/ 
s11069- 021- 04523- 0 . 

[4] Gallego MC, García JA, Vaquero JM, Mateos VL. Changes in frequency and 
intensity of daily precipitation over the Iberian Peninsula. J Geophys Res 

2006;111:D24105. doi: 10.1029/2006JD007280 . 

[5] de Luis M, Brunetti M, Gonzalez-Hidalgo JC, Longares LA, Martin-Vide J. 
Changes in seasonal precipitation in the Iberian Peninsula during 1946–2005. 

Glob Planet Chang 2010;74:27–33. doi: 10.1016/j.gloplacha.2010.06.006 . 
[6] Guerreiro SB, Kilsby CG, Fowler HJ. Rainfall in Iberian transnational basins: a 

drier future for the Douro, Tagus and Guadiana? Clim Chang 2016;135:467–80. 
doi: 10.1007/s10584-015-1575-z . 

[7] Esteban-Parra MJ , Rodrigo FS , Castro-Diez Y . Spatial and temporal pat- 

terns of precipitation in Spain for the period 1880–1992. Int J Cli- 
matol 1998;18:1557–74 10.1002/(SICI)1097-0088(19981130)18:14 < 1557:: 

AID −JOC328>3.0.CO;2-J . 
[8] González-Hidalgo JC, De Luis M, Raventós J, Sánchez JR. Spatial distribution 

of seasonal rainfall trends in a western Mediterranean area. Int J Climatol 
2001;21:843–60. doi: 10.1002/joc.647 . 

[9] De Luis M, González-Hidalgo JC, Longares LA, Štepánek P. Seasonal precipi- 

tation trends in the Mediterranean Iberian Peninsula in second half of 20th 
century. Int J Climatol 2009;29:1312–23. doi: 10.1002/joc.1778 . 

[10] Rodriguez-Puebla C , Encinas AH , Nieto S , Garmendia J . Spatial and temporal
patterns of annual precipitation variability over the Iberian Peninsula. Int J Cli- 

matol 1998;18:299–316 . 
[11] De Lima MIP , Marques ACP , De Lima JLMP , Coelho MFES . Precipitation

trends in mainland Portugal in the period 1941–20 0 0. IAHS-AISH Publ; 20 07. 

p. 94–102 . 
[12] López-Moreno JI, Vicente-Serrano SM, Angulo-Martínez M, Beguería S, Ke- 

nawy A. Trends in daily precipitation on the northeastern Iberian Peninsula, 
1955–2006. Int J Climatol 2010;30:1026–41. doi: 10.1002/joc.1945 . 
11 
[13] de Lima MIP, Santo FE, Ramos AM, de Lima JLMP. Recent changes in daily pre-
cipitation and surface air temperature extremes in mainland Portugal, in the 

period 1941–2007. Atmos Res 2013;127:195–209. doi: 10.1016/j.atmosres.2012. 
10.001 . 

[14] Baranowski P, Krzyszczak J, Slawinski C, Hoffmann H, Kozyra J, Nieróbca A, 
et al. Multifractal analysis of meteorological time series to assess climate im- 

pacts. Clim Res 2015;65:39–52. doi: 10.3354/cr01321 . 

[15] Baranowski P, Gos M, Krzyszczak J, Siwek K, Kieliszek A, Tkaczyk P. Multi- 
fractality of meteorological time series for Poland on the base of MERRA- 

2 data. Chaos Solitons Fractals 2019;127:318–33. doi: 10.1016/j.chaos.2019. 
07.008 . 

[16] Krzyszczak J, Baranowski P, Zubik M, Kazandjiev V, Georgieva V, Sławi ́nski C, 
et al. Multifractal characterization and comparison of meteorological time se- 

ries from two climatic zones. Theor Appl Climatol 2019;137:1811–24. doi: 10. 
10 07/s0 0704- 018- 2705- 0 . 

[17] Mandelbrot BB . The fractal geometry of nature. San Francisco: WH Freeman; 

1982 . 
[18] Feder J. Fractals. Boston, MA: Springer US; 1988. doi: 101007/978-1- 

4899- 2124- 6 . 
[19] Telesca L, Lapenna V. Measuring multifractality in seismic sequences. Tectono- 

physics 2006;423:115–23. doi: 10.1016/j.tecto.2006.03.023 . 
20] Kalamaras N, Tzanis C, Deligiorgi D, Philippopoulos K, Koutsogiannis I. Distri- 

bution of air temperature multifractal characteristics over Greece. Atmosphere 

2019;10:45. doi: 10.3390/atmos10 020 045 . 
[21] Kantelhardt JW , Zschiegner SA , Koscielny-Bunde E , Havlin S , Bunde A , Stan-

ley HE . Multifractal detrended fluctuation analysis of nonstationary time se- 
ries. Phys A 2002;316:87–114 . 

22] Burgueño A, Lana X, Serra C, Martínez MD. Daily extreme temperature mul- 
tifractals in Catalonia. NE Spain. Phys Lett A 2014;378:874–85. doi: 10.1016/j. 

physleta.2014.01.033 . 

23] Brunet M, Jones PD, Sigró J, Saladié O, Aguilar E, Moberg A, et al. Temporal 
and spatial temperature variability and change over Spain during 1850–2005. 

J Geophys Res 2007;112:D12117. doi: 10.1029/20 06JD0 08249 . 
24] State Meteorological Agency of Spain, Institute of Meteorology of 

Portugal. Iberian climate atlas: air temperature and precipitation (1971–
20 0 0). State Meteorological Agency of Spain, Institute of Meteorology of 

Portugal; 2011. 

25] da Silva HS, Silva JRS, Stosic T. Multifractal analysis of air temperature in Brazil. 
Phys A 2020;549:124333. doi: 10.1016/j.physa.2020.124333 . 

26] Kantelhardt JW, Rybski D, Zschiegner SA, Braun P, Koscielny-Bunde E, Livina V, 
et al. Multifractality of river runoff and precipitation: comparison of fluctu- 

ation analysis and wavelet methods. Phys A 2003;330:240–5. doi: 10.1016/j. 
physa.2003.08.019 . 

27] Koscielny-Bunde E, Kantelhardt JW, Braun P, Bunde A, Havlin S. Long-term per- 

sistence and multifractality of river runoff records: detrended fluctuation stud- 
ies. J Hydrol 2006;322:120–37. doi: 10.1016/j.jhydrol.20 05.03.0 04 . 

http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0001
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0002
https://doi.org/10.1007/s11069-021-04523-0
https://doi.org/10.1029/2006JD007280
https://doi.org/10.1016/j.gloplacha.2010.06.006
https://doi.org/10.1007/s10584-015-1575-z
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0007
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0007
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0007
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0007
https://doi.org/10.1002/joc.647
https://doi.org/10.1002/joc.1778
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0010
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0010
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0010
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0010
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0010
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0011
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0011
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0011
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0011
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0011
https://doi.org/10.1002/joc.1945
https://doi.org/10.1016/j.atmosres.2012.10.001
https://doi.org/10.3354/cr01321
https://doi.org/10.1016/j.chaos.2019.penalty -@M 07.008
https://doi.org/10.1007/s00704-018-2705-0
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0017
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0017
https://doi.org/101007/978-1-penalty -@M 4899-2124-6
https://doi.org/10.1016/j.tecto.2006.03.023
https://doi.org/10.3390/atmos10020045
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0021
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0021
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0021
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0021
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0021
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0021
http://refhub.elsevier.com/S0960-0779(22)00119-9/sbref0021
https://doi.org/10.1016/j.physleta.2014.01.033
https://doi.org/10.1029/2006JD008249
https://doi.org/10.1016/j.physa.2020.124333
https://doi.org/10.1016/j.physa.2003.08.019
https://doi.org/10.1016/j.jhydrol.2005.03.004


J. Gómez-Gómez, R. Carmona-Cabezas, E. Sánchez-López et al. Chaos, Solitons and Fractals 157 (2022) 111909 

[

[

[

 

[

[

[

[

[

[

[

[

[

[  

[

[

[

28] Livina VN, Ashkenazy Y, Bunde A, Havlin S. Seasonality effects on nonlinear 
properties of hydrometeorological records. In: Kropp J, Schellnhuber HJ, edi- 

tors. Extremis. Berlin, Heidelberg: Springer Berlin Heidelberg; 2011. p. 266–84. 
doi: 10.1007/978- 3- 642- 14863- 7 _ 13 . 

29] Xavier SFA, Stosic T, Stosic B, Jale JDS, Xavier ÉFM. A Brief multifractal anal- 
ysis of rainfall dynamics in Piracicaba, São Paulo, Brazil. Acta Sci Technol 

2018;40:35116. doi: 10.4025/actascitechnol.v40i1.35116 . 
30] Bunde A, Havlin S, Kantelhardt JW, Penzel T, Peter JH, Voigt K. Correlated 

and uncorrelated regions in heart-rate fluctuations during sleep. Phys Rev Lett 

20 0 0;85:3736–9. doi: 10.1103/PhysRevLett.85.3736 . 
[31] O ́swi ̨ecimka P, Dro ̇zd ̇z S, Kwapie ́n J, Górski AZ. Effect of detrending on

multifractal characteristics. Acta Phys Pol A 2013;123:597–603. doi: 10.12693/ 
APhysPolA.123.597 . 

32] Pavón-Domínguez P, Serrano S, Jiménez-Hornero FJ, Jiménez-Hornero JE, 
Gutiérrez de Ravé E, Ariza-Villaverde AB. Multifractal detrended fluctuation 

analysis of sheep livestock prices in origin. Phys A 2013;392:4466–76. doi: 10. 

1016/j.physa.2013.05.042 . 
33] Zhang Q, Xu CY, Chen YD, Yu Z. Multifractal detrended fluctuation analy- 

sis of streamflow series of the Yangtze River basin, China. Hydrol Process 
2008;22:4997–5003. doi: 10.1002/hyp.7119 . 

34] Telesca L, Colangelo G, Lapenna V, Macchiato M. Fluctuation dynamics in geo- 
electrical data: an investigation by using multifractal detrended fluctuation 

analysis. Phys Lett A 2004;332:398–404. doi: 10.1016/j.physleta.2004.10.011 . 

35] Kavasseri R, Nagarajan R. A multifractal description of wind speed records. 
Chaos Solitons Fractals 2005;24:165–73. doi: 10.1016/S0960-0779(04)00533-8 . 

36] Gonçalvès P, Riedi R, Baraniuk R. A simple statistical analysis of wavelet-based 
multifractal spectrum estimation. In: Proceedings of the Conference Record of 

Thirty-Second Asilomar Conference on Signals, Systems and Computers (Cat. 
No.98CH36284), 1. Pacific Grove, CA, USA: IEEE; 1998. p. 287–91. doi: 10.1109/ 

ACSSC.1998.750873 . 
12 
37] Shimizu Y, Thurner S, Ehrenberger K. Multifractal spectra as a mea- 
sure of complexity in human posture. Fractals 2002;10:103–16. doi: 10.1142/ 

S0218348X02001130 . 
38] Macek WM, Wawrzaszek A. Evolution of asymmetric multifractal scaling of 

solar wind turbulence in the outer heliosphere. J Geophys Res 2009;114. 
doi: 10.1029/2008JA013795 . 

39] Dro ̇zd ̇z S, O ́swi ̧e cimka P. Detecting and interpreting distortions in hierarchical 
organization of complex time series. Phys Rev E 2015;91:030902. doi: 10.1103/ 

PhysRevE.91.030902 . 

40] Gómez-Gómez J, Carmona-Cabezas R, Ariza-Villaverde AB, Gutiérrez de Ravé E, 
Jiménez-Hornero FJ. Multifractal detrended fluctuation analysis of tempera- 

ture in Spain (1960–2019). Phys A 2021;578:126118. doi: 10.1016/j.physa.2021. 
126118 . 

[41] Yang L, Fu Z. Process-dependent persistence in precipitation records. Phys A 
Stat Mech Appl 2019;527:121459. doi: 10.1016/j.physa.2019.121459 . 

42] Tadi ́c B, Mijatovi ́c S, Jani ́cevi ́c S, Spasojevi ́c D, Rodgers GJ. The critical

Barkhausen avalanches in thin random-field ferromagnets with an open 
boundary. Sci Rep 2019;9:6340. doi: 10.1038/s41598- 019- 42802- w . 

43] Shang P, Lu Y, Kamae S. Detecting long-range correlations of traffic time se- 
ries with multifractal detrended fluctuation analysis. Chaos Solitons Fractals 

2008;36:82–90. doi: 10.1016/j.chaos.2006.06.019 . 
44] Movahed MS, Jafari GR, Ghasemi F, Rahvar S, Tabar MRR. Multifractal de- 

trended fluctuation analysis of sunspot time series. J Stat Mech Theory Exp 

20 06;20 06:P020 03 –P020 03. doi: 10.1088/1742-5468/20 06/02/p020 03 . 
45] Bartholy J, Pongrácz R, Pattantyús-Ábrahám M. Analyzing the genesis, in- 

tensity, and tracks of western Mediterranean cyclones. Theor Appl Climatol 
2009;96:133–44. doi: 10.1007/s00704- 008- 0082- 9 . 

https://doi.org/10.1007/978-3-642-14863-7_13
https://doi.org/10.4025/actascitechnol.v40i1.35116
https://doi.org/10.1103/PhysRevLett.85.3736
https://doi.org/10.12693/APhysPolA.123.597
https://doi.org/10.1016/j.physa.2013.05.042
https://doi.org/10.1002/hyp.7119
https://doi.org/10.1016/j.physleta.2004.10.011
https://doi.org/10.1016/S0960-0779(04)00533-8
https://doi.org/10.1109/ACSSC.1998.750873
https://doi.org/10.1142/S0218348X02001130
https://doi.org/10.1029/2008JA013795
https://doi.org/10.1103/PhysRevE.91.030902
https://doi.org/10.1016/j.physa.2021.126118
https://doi.org/10.1016/j.physa.2019.121459
https://doi.org/10.1038/s41598-019-42802-w
https://doi.org/10.1016/j.chaos.2006.06.019
https://doi.org/10.1088/1742-5468/2006/02/p02003
https://doi.org/10.1007/s00704-008-0082-9

	Multifractal fluctuations of the precipitation in Spain (1960-2019)
	1 Introduction
	2 Materials and methods
	2.1 Data
	2.2 Multifractal detrended fluctuation analysis
	2.3 Relation to standard multifractal analysis

	3 Results and discussion
	3.1 Descriptive statistics and trend analysis of annual precipitation
	3.2 Hurst exponents for different regions and for periods 1960 - 1989 and 1990 - 2019
	3.3 Parameters of the singularity spectra for different regions for periods 1960-1989 and 1990-2019
	3.4 Global changes in H, &#x03B1;0, w, and B between both periods

	4 Conclusions
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgements
	Appendix A
	References


