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Abstract: A multifractal analysis based on the time series of temperature, pressure, relative humidity,
wind speed, and wind direction was performed for 16 weather stations located in the hydrographic
basin of the Guadalupe River in Baja California, Mexico. Our analysis included a 38-year dataset
from MERRA-2 database, we investigated the multifractal nature of daily time series data for climatic
variables associated with the Santa Ana Winds. We employed the Multifractal Detrended Fluctuation
Analysis (MFDFA) method to extract multifractal complexity parameters («g, Ax, and 7). This was
adequate to evaluate the multifractality of the time series that represented the conditions of the
phenomenon’s occurrence. From the estimation of the generalized Hurst exponent (hg), it was
possible to characterize the time series of the meteorological variables in terms of the characteristics of
persistence, anti-persistence, or randomness. Finally, the values corresponding to the parameters and
characteristics of the multifractal spectrum or singularities can be used as quantitative and qualitative
indicators to describe the dynamics of meteorological processes during the occurrence of the Santa
Ana winds in the Guadalupe basin.

Keywords: multifractality; Santa Ana winds time series; multifractal analysis; asymmetry parameter

1. Introduction

The Santa Ana winds are a meteorological phenomenon that primarily affect the South-
western region of the United States and the Northwestern region of Mexico during the fall
and winter months [1]. They are a warm, dry, Fohn-type wind from the east or northeast
that blows from the Sierra Nevada eastern desert to the coast of southern California [2].
In a recent work by the authors, fractal analysis was useful and adequate to evaluate the
time series that represented the occurrence conditions of the Santa Ana winds as well as
the series that represented the days on which this phenomenon does not occur. Thus, it
was possible to characterize the time series of variables, such as temperature, precipitation,
pressure, relative humidity, and wind speed, in terms of characteristics of persistence,
anti-persistence, or randomness [3]. Every meteorological variable is controlled by a variety
of physical processes and exhibits fluctuations on various spatial and temporal scales [4];
therefore, the multifractal theory serves as a robust framework to investigate non-linear pro-
cesses that exhibit diverse intensity levels. In addition, multifractal behavior is connected to
systems in which the underlying physics are governed by a random multiplicative process
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that involves a measurement and its geometric foundation according to a specified rule.
Thus, the comprehensive analyses of this phenomenon facilitate the precise quantification
of complex phenomena [5,6].

The multifractal analysis or approach offers distinct advantages by employing a
broader spectrum of statistical moments (g); therefore, it offers a more profound un-
derstanding of the structural variability within the data. It fundamentally relies on the
computation of two sets of parameters or functions associated with the time series of the
variables i.e., the holder exponents («), which quantify regularity, and the multifractal spec-
trum, which quantifies multifractality of signal and measurement [7,8]. The multifractal
spectrum associates each of the data sets from the identical regularity with the Hausdorff
dimension of that data set, also known as the singularity spectrum [9].

In the reviewed literature, no work was found regarding the use of multifractal ap-
proaches to analyze the time series of the Santa Ana winds. To fill this gap, the Multifractal
Detrended Fluctuation Analysis (MFDFA) method was used in the daily time series of the
Santa Ana winds from 1980 to 2018. A determinant factor when choosing which method to
apply was the number of available input parameters; the model would be more complex if
it had a greater number of parameters. The chosen method in the present study is easy to
apply and has been widely referenced in the recent literature [10-26].

In this paper, the multifractality properties and parameters of the time series of the
Santa Ana winds in the hydrographic basin of the Guadalupe River in Baja California,
Mexico were researched. The aim was to project and characterize the structural variability,
occurrence, and self-similarity of the meteorological phenomenon.

2. Study Area

The research site encompasses the Guadalupe River basin, situated in the northern
region of Baja California. This basin spans between latitudes 31°50’ N and 32°16’ N, and
longitudes 116°54’ W and 115°52’ W. Characterized by a semi-arid environment, it boasts
a Mediterranean climate with an annual mean temperature of around 16 °C and receives
an average annual precipitation of approximately 254.6 mm. The area encompasses a
total landmass of 2390 km?, which is further divided into three distinct sub-basins: Ojos
Negros, situated in the upstream region; Valle de Guadalupe, located in the central part;
and the downstream La Mision sub-basin, which ultimately drains into the Pacific Ocean
(Figure 1) [3].
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Figure 1. Study area location.
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The climatological stations that had influence within the basin were estimated as
mentioned in [3]. Table 1 shows the weather stations used in the different analyses that
were carried out.

Table 1. Stations.

Code Name Latitude Longitude Altitude
2035 Ojos Negros 31.910 —116.270 680
2066 Sierra de Juarez 32.000 —115.950 1580
2079 El Alamar 31.840 —116.200 710
2118 Valle San Rafael 31.920 —116.230 721
2164 Ejido El Porvenir 32.110 —115.850 330
2001 Agua Caliente 32.110 —116.450 400
2004 Ignacio Zaragoza Belén 32.200 —116.490 540
2005 Boquilla Santa Rosa de la Mision 32.020 —116.780 250
2021 El Pinal 32.180 —116.290 1320
2025 Ensenada (Obs) 31.860 —116.610 21
2036 Olivares Mexicanos 32.050 —116.680 340
2049 San Juan de Dios Norte 32.130 —116.170 1280
2094 El Farito 31.980 —116.670 250
2122 Real del Castillo Viejo 31.950 —116.750 610
2077 La Mision 32.100 —116.810 20
2114 Ejido Carmen Serdan 32.240 —116.580 560

For this case study, the database The Modern-Era Retrospective analysis for Research
and Applications, Version 2 (MERRA-2) was used. The analysis period was between 1980
and 2018.

The variables analyzed were temperature, relative humidity, pressure, wind direction,
and wind speed.

3. Materials and Methods

Figure 2 shows the structure of methodology used for the proposed analysis.
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Figure 2. Methodology used.

3.1. Santa Ana Time Series

The filter proposed in [3] was used to evaluate the occurrence of days with Santa Ana
wind events. This criterion for evaluating a Santa Ana event occurrence was associated
with wind speed and wind direction. The benchmark wind speed was established at
>4.5m/s and the wind direction criterion were established in winds from the first quadrant.
See in section Appendix A.
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3.2. Multifractal Analysis

Several signals present self-similarity characteristics, i.e., they show similar properties
in all scales. Normally, self-similarity is correlated with fractal dimensions, that is, a
non-complete relation between the measure of the domain and the measure of the graph.

The scaling properties of the analyzed meteorological time series were studied with
the use of the Multifractal Detrended Fluctuation Analysis (MFDFA). This tool can be
used for the detection of multifractality of the time series of concern and the information
on scaling behavior and the parameters obtained may eventually help for performing
multifractal modelling [27].

According to [7,28-31], the modified multifractal DFA (MFDFA) procedure consists of
five steps. Suppose that xy is a series of length N, and that this series is of compact support,
i.e., xx = 0 for an insignificant fraction of the values only.

Step 1—Determine the profile:

Y(i):kzl;[xk—<x>], i=1,...,N )
=1

Subtraction of the mean (x) is not compulsory, since it would be eliminated by the
later detrending in the third step anyway.

Step 2—Divide the profile Y (i) into Ny = int(N/s) non-overlapping segments of
equal lengths s. Since the length N of the series is often not a multiple of the considered
timescale s, a short part at the end of the profile may remain. In order to disregard this part
of the series, the same procedure is repeated, starting from the opposite end. The result is
that 2N, segments are obtained altogether.

Step 3—Calculate the local trend for each of the 2N segments by a least square fit of
the series. Then determine the variance:

S

F(5,0) = <) (Y[(0 — D)s +1] — yoli))? @

i=1

For each segmentv, v =1,..., N;, and:
2 — 1 . N2
F(s,0) = EE{Y[N — (v —Ns)s +1] —yp(i)} 3)
i=1

Forv = N; +1, ..., 2N;. Here, y,(i) is the fitting polynomial in segment v. Linear,
quadratic, cubic, or higher order polynomials can be used in the fitting procedure. Since
the detrending of the time series is completed through the subtraction of the polynomial
fits from the profile, different order DFA differ in their capability of eliminating trends in
the series.

Step 4—Average over all segments to obtain the gth-order fluctuation function,

defined as: )
1 2Ns g /2} /q

Fy(s) = {ZNS ; [Fz (s,v)}

where, in general, the index variable g can take any real value except zero. For g = 2, the
standard DFA procedure is retrieved. Generally, we are interested in how the generalized
q dependent fluctuation functions F;(s) depend on timescale s for different values of 4.
Hence, we must repeat steps 2, 3, and 4 for several timescales s. It is apparent that F,(s)
will increase while increasing s. Of course, F;(s) depends on the DFA order m. F,(s) is
intentionally only defined for s > m 4 2.

(4)
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Step 5—Determine the scaling behavior of the fluctuation functions by analyzing
log-log plots of F;(s) versus s for each value of 4. If the series x; is long range power law
correlated, F;(s) increases for large values of s as a power law:

Fy(s) ~s"@) ©)

where /1(q) is the generalized Hurst exponent.
With the relationship 7(q) = gh(q) — 1 and the Legendre transform a = Z—;, the
multifractal spectrum is obtained as:

fla) =qa—7(q) (6)

For this case study, the multifractal parameters of: g, Ax, and r were calculated. The
width of the spectrum Ax is the difference between a5 and a,,;;, and can be regarded as a
direct measure of the degree or complexity of multifractality. The result shows the length to
which the fractal exponent extends in the series, which is an indicator of the “richness” of
the signal structure. When the value of Ax is greater, the multifractality is more developed.
The a,,;,, parameter indicates the most extreme events in the studied process, and a;ax
indicates the smoothest events. The ag parameter delivers valuable information about the
structure of the studied process, with a high value indicating that it is less correlated and
possesses fine structure. If the underlying process becomes correlated and loses its fine
structure, becoming more regular in appearance, the ay value, which indicates at which
value of & multifractal spectra achieves its maximum, is low. The multifractal spectrum
shape is strongly modified by the asymmetry parameter r. The asymmetry depends on
Xmax, Xmin and ag. The negative values of r (shape of the singularity spectra is left-skewed)
indicate low fractal exponents of small weights, which imply that the extreme events play
a prominent role in the temporal structure of the time series. In contrast, a right-skewed
spectrum (positive value of r) means fairly strong weighted fractal exponents, which are
typical in fine structure series [4,32].

The fluctuation function, generalized Hurst exponent, mass exponent scaling, multi-
fractal spectrum, and the multifractal parameters (&x, ®in, %0, A and r) were calculated
for the series of time, temperature, relative humidity, pressure, wind direction, and wind
speed for days on which the Santa Ana event occurred. These calculations were completed
by using the equations described in (1)—(6).

3.3. Spatialization

Spatial distribution maps were generated by the inverse distance weighting interpola-
tion technique (IDW), using ArcGIS software for the generalized Hurst exponent and the
multifractal parameters as «g, Ax, and r for temperature, relative humidity, pressure, wind
direction, and wind speed.

4. Results and Discussion

MFDFA is applied to temperature, relative humidity, pressure, wind direction, and
wind speed, for the time series that comprise data records between the years 1980 and 2018.

We present the obtained results once the MFDFA method has had been applied. We
selected Agua Caliente station as an illustration of the implementation process; the graphs
of the output results were constructed using the MFDFA method.

The aim of this study is to obtain a singularity spectrum that can prove the multifractal
nature of Santa Ana Winds time series (temperature, relative humidity, pressure, wind
direction, and wind speed). To prove the latter, the statistic moment “4” has to be defined.
The present study defined it as between —10 and 10. The profile of a series is determined by
applying Equation (1) with g = 10. Once the profile has been defined, a fluctuation analysis
is carried out for § = —10 and g = 10, as shown in Figure 3. It is important to mention that,
in this case in particular, fluctuation analysis is carried out with 100 segments or windows.
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Figure 3. Log-log representation for fluctuation function coming from Santa Ana Winds data in Agua
Caliente station with g = 10.

The fluctuation function in Figure 3 represents the function’s evolution, taking into
account a determined number of windows for the analysis. Furthermore, this graph shows
several fluctuations and changes in the slope in all analyzed variables. Changes in the slope
indicate that the signal shows numerous scaling, i.e., it presents with a multifractal nature.
This behavior is very similar to the analyzed moments, which in this case are § = —10 and
g = 10.

This previous procedure is carried out for each time series scales (segments) to obtain
a relation between F(s) and the length of segment S. This is applied to different values of
g. On the other hand, the slope of the fluctuation function corresponds to the generalized
Hurst exponent for g-order moment /(g) (see Equation (5)).

The graph for the generalized Hurst exponent is obtained for values g which range
between —10 and 10 (See Figure 4); in some results, functions /(q) and 7(q) are visible (see
Equation (6)).

The preceding figure shows that the Santa Ana winds time series is a multifractal
process due to a strong dependency on the generalized exponents g and 7(g). Values g < 0
and q > 0 have different behaviors that are caused by the variation present in the slope
line that connects both points, as this line differs for positive and negative values. We have
selected temperature to exemplify the change of slope. Table 2 summarizes the changes for
the other variables. According to the relationship between the Hurst exponent and h(q),
ie., h(g =10) — 1 = H, the Hurst exponent value equals 0.4638, and fractal dimension can
be obtained as Df = (2 — H) = 1.5362. For negative values of q, we calculate a slope 7(g)
of 0.70, whilst in positive values, the slope is at 0.48. We can also notice that curve 7(gq) is a
convex curve that can be interpreted as an indicator of multifractality.

Multifractal—or singularity—spectrum can be obtained following Equation (6), cor-
responding to both Legendre transform; Figure 5 presents the multifractal spectrum of
temperature, relative humidity, pressure, wind speed, and wind direction at Agua Caliente
Station with values of g = —10, 10.
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Figure 4. Function /() and 7(g) for values g = —10, 10. This function generates a multifractal spectrum.

The multifractal spectrum in Figure 5 represents a concave function which has different
parts of the structure characterized by different values of («), leading to the existence of
a multifractal spectrum f(a). On the one hand, the behavior of inverse parabolas is a
proof of the multifractal nature of the series and, on the other hand, the spectrum width
of Ax = (Wmax — &pin) provides the variability degree that a variable might show, being
temperature, relative humidity, pressure, wind speed, and wind direction the variables in
this study. Multifractal strength is a measure used to determine the present multifractality
strength in a process. The analysis carried out in the present research estimates (Ax)
for Santa Ana Winds series data. The temperature spectrum in Figure 5 was chosen to
exemplify the width estimation, presenting values of a5y = 0.8361 and a,;,;,, = 0.426 for
temperature. Hence, the width of the spectrum has a value of Ax = 0.41. The previous
values of (&pax — &y ) represent the range between the maximum and minimum values
of temperature. Estimations of the width for the other variables and stations are shown in
Table 2.
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Table 2. Parameters of MFDFA spectra (dimensionless) for studied meteorological parameters.

Code Station 2118 2035 2066 2079 2164 2001 2004 2005 2021 2025 2036 2049 2094 2122 2077 2114
m for q— 0.86 0.92 0.79 0.96 0.74 0.70 0.69 0.74 0.68 0.70 0.67 0.71 0.75 0.77 0.83 0.73
] m for g+ 0.45 0.46 0.47 0.46 0.35 0.48 0.40 0.45 0.48 0.50 0.44 0.38 0.49 0.45 0.46 0.37
2 hq(q =10) 0.46 0.47 0.49 0.47 0.36 0.46 0.40 0.45 0.49 0.42 0.44 0.39 0.49 0.46 0.47 0.37
] Df 1.54 153 151 153 1.64 1.54 1.60 1.55 151 158 156 1.61 1.51 1.54 153 1.63
g* Xax 0.94 1.01 0.83 1.06 0.87 0.84 0.79 0.85 0.74 0.77 0.74 0.80 0.83 0.84 0.93 0.82
& QX ppin 0.43 043 0.43 0.43 0.30 0.43 0.35 0.41 0.45 0.38 0.39 0.34 0.45 0.41 0.42 0.32
A 0.52 0.59 0.39 0.63 0.57 0.41 0.4 0.44 0.29 0.39 0.35 0.46 0.38 043 0.51 0.50
2 m for q— 1.15 1.23 0.98 121 137 1.18 1.16 1.01 1.14 1.15 1.15 0.95 1.10 1.08 1.05 1.01
b m for g+ 0.60 0.64 0.45 0.62 0.49 0.68 0.70 0.69 0.58 0.67 0.67 0.56 0.64 0.67 0.67 0.70
g hq(q =10) 0.63 0.66 0.48 0.64 0.53 0.70 0.72 0.71 0.60 0.69 0.69 0.58 0.67 0.69 0.69 0.72
< Df 1.37 1.34 1.52 1.36 1.47 1.30 1.28 1.29 1.40 1.31 1.31 1.42 1.33 1.31 1.31 1.28
2 W 121 1.30 1.04 1.27 1.42 1.23 1.22 1.06 1.20 1.22 121 1.00 1.17 1.14 1.10 1.07
k< QX ppin 0.53 0.57 0.38 0.55 0.42 0.63 0.64 0.63 0.50 0.62 0.61 0.51 0.57 0.60 0.61 0.65
& Aw 0.68 0.73 0.66 0.73 1.00 0.61 0.58 043 0.70 0.60 0.61 0.49 0.59 0.54 0.49 0.42
m for g— 0.88 1.04 0.77 0.76 1.31 0.80 0.74 0.82 0.63 0.82 0.82 0.83 0.77 0.80 0.87 0.76
m for g+ 0.72 0.57 0.41 0.59 0.96 0.66 0.64 0.60 0.53 0.60 0.61 0.55 0.55 0.54 0.60 0.64
g hq(q =10) 0.72 0.59 0.42 0.60 0.97 0.66 0.65 0.61 0.53 0.61 0.62 0.56 0.56 0.55 0.61 0.64
2 Df 1.28 1.41 1.58 1.40 1.03 1.34 135 1.39 1.47 1.39 1.38 1.44 1.44 1.45 1.39 136
E Xax 0.94 1.15 0.87 0.81 1.37 0.85 0.78 0.88 0.67 0.88 0.88 091 0.84 0.79 0.92 0.81
QX ppin 0.71 0.53 0.34 0.55 0.92 0.63 0.61 0.56 0.49 0.55 0.57 0.52 0.49 0.57 0.55 0.61
A 0.24 0.63 0.52 0.27 0.45 0.22 0.16 0.33 0.18 0.34 0.31 0.39 0.35 0.23 0.37 0.21
m for q— 0.91 0.90 0.74 0.90 0.78 0.85 0.87 0.96 0.83 0.92 0.93 0.76 0.97 091 0.99 0.82
] m for g+ 0.39 043 0.14 0.44 0.31 0.49 0.46 0.49 0.38 0.40 0.49 0.33 0.51 0.38 0.04 0.48
g hq(q =10) 0.41 0.44 0.17 0.45 0.33 0.50 0.48 0.50 0.40 0.42 0.50 0.35 0.52 041 047 0.49
_‘é’ Df 1.59 1.56 1.83 1.55 1.67 1.50 1.52 1.50 1.60 1.58 1.50 1.65 1.48 1.59 1.53 1.51
_5 W 0.98 0.96 0.81 097 0.83 0.93 0.92 1.03 0.90 0.98 1.01 0.82 1.04 0.97 1.07 0.89
ES Wi 0.33 0.37 0.06 0.38 0.24 0.46 0.39 0.45 031 0.33 0.44 0.26 0.46 0.30 0.39 0.4
Aw 0.65 0.58 0.75 0.59 0.58 0.47 0.53 0.59 0.58 0.65 0.57 0.55 0.59 0.67 0.67 0.45
c m for g— 0.71 0.82 0.86 0.80 0.75 0.59 0.68 0.67 0.53 0.66 0.72 0.59 0.73 0.74 0.71 0.64
S m for g+ 0.48 0.45 0.37 0.44 0.52 0.25 0.36 0.37 0.31 0.28 0.43 0.40 0.32 0.29 0.43 0.37
g hq(q = 10) 0.48 0.46 0.39 0.46 0.53 0.27 0.37 0.39 0.32 0.29 0.44 0.41 0.34 031 0.45 0.38
£ Df 1.52 1.54 1.61 1.54 1.47 173 1.63 1.61 1.68 171 156 1.59 1.66 1.69 155 1.62
5 Bmax 077 0.89 094 0.84 0.79 0.66 0.76 0.72 0.57 0.74 0.79 0.64 0.81 0.80 0.77 0.72
g QX ppin 0.43 0.40 0.31 0.40 0.49 0.20 0.32 0.29 0.24 0.22 0.38 0.36 0.26 0.20 0.38 0.33
A 0.34 0.49 0.63 0.45 0.30 0.45 0.4 0.43 0.33 0.52 0.42 0.27 0.55 0.60 0.39 0.39
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Figure 5. Multifractal spectrum of Santa Ana Winds series recorded between 1980 and 2018 in Agua
Caliente station. f(a) was obtained from functions h(g) and 7(g) for values of 4 = —10, 10.

When a concentrated accumulation of points is found on both extremes, it might
indicate the existence of extreme values far from the average. This can be useful for
larger orders with q ranges, as happens at the Agua Caliente station. Conversely, if one
multifractal spectrum branch is smaller than the other, it might indicate heterogeneity
values with the spectrums of temperature, pressure, and wind direction, as observed in
Figure 5.

Visually, multifractal spectrums of relative humidity and wind speed seem to have
homogeneous values of («) and f(«) because both left and right branches have a similar
length. Nonetheless, with the estimations of the asymmetry parameter, it was found that
these were asymmetric to the right. This information will be discussed in more detail later.

Figure 6 shows the multifractal spectrum of each station for each analyzed variable of
the Santa Ana Winds.

The multifractal spectrum of the studied meteorological variables shows spatial dif-
ferentiation. In addition, the temperature spectrum has the longest left branch of the
other variables (Figure 6). This is attributed to the time series multifractal structure that is
insensitive to the local fluctuations with large magnitudes [33].

Among the analyzed time series in Table 2, both pressure and relative humidity exhibit
h(q) values greater than 0.5, with the exception of the Sierra de Juarez station (2066), where
the h(q) for this variable falls below 0.5. This exception highlights the unique dynamics
at the highest point above sea level of the Guadalupe basin, indicating an anti-persistent
behavior. Generally, this basin has a persistent behavior, i.e., the relative humidity series
have a high probability of showing a positive increasing behavior. This implies that the
relative humidity time series has a degree of occurrence over future events or in its long-
term behavioral memory, the same occurrence for the pressure variables.

Conversely, the lowest 11(q) values were obtained for wind speed (0.17-0.52), wind
direction (0.27-0.53), and temperature (0.36-0.49), suggesting anti-persistence behavior
in these time series. This means that the temperature, wind speed, and wind direction
variables in this region often exhibit a pattern of positive increases followed by subsequent
decreases in their recorded values, and vice versa. According to Malamud and Turcotte, an
anti-persistent time series will have a stationary behavior in time due to the increases and
decreases that compensate each other. The statistical moments are independent from the
time series [31].
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Figure 6. Multifractal spectra of the studied meteorological time series for Guadalupe River basin.

Nonetheless, there are some exceptions, e.g., the wind direction at the Ejido Porvenir
station (station 2164) has a 0.53 h(q) value, i.e., it has a persistent behavior in contrast
to the values reported at the other stations (Table 2). This value demonstrates that there
is a correlation between the length and /(q) values corresponding to the time series of
the wind direction variable. For the Guadalupe sub-basin, wind speed exhibits values
of anti-persistence and randomness, because the (g) values in some stations are below
0.5 (station 2049—San Juan de Dios Norte) while it is equal to 0.5 in others (station 2001—
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Agua Caliente). The above may be associated with the inverse correlation found between
altitude and longitude with respect to the /(q) values.

The results of the h(q) values of the temperature, speed, and direction of the wind
variables denote that the Santa Ana winds exhibit high climatic variability in the area.

Although temperature was not one of the criteria used to evaluate the occurrence of
wind days in Santa Ana, the /(g) values of this variable show the influence and occurrence
of the Santa Ana wind in the temperature time series itself, i.e., in this case, the h(g) values
of the temperature can be considered as a criterion to identify the occurrence of the Santa
Ana winds in the region.

Based on the h(q) values and considering the moment of order q (—10 to 10), it can be
noticed that the Sierra de Juarez meteorological station (2066) shows a different behavior
from the rest of the stations, i.e., the values of (g) for the relative humidity, pressure, and
wind speed variables are lower compared to the other stations. This difference can be
attributed to the fact that the station in question is located at the highest point of the basin,
as shown in Table 2.

According to [34], when the multifractal parameter of «g is equal to 0.5, the time series
are considered random. For ag values less than 0.5, the series are anti-persistent, i.e., they
present abrupt changes over time. For values of ag greater than 0.5, the series exhibit
persistent behavior, indicating that the time series do not show abrupt changes over time.

In Figures 7b, 8b, 9b, 10b and 11b, it can be noted that the &g values were predominantly
greater than 0.5, indicating the presence of a persistent behavior.
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The a g values for temperature exhibit a positive correlation with altitude and a
negative correlation with latitude, as shown in the map in Figure 7b. This means that
«g decreases in the direction from east to west, indicating a decrease in persistence. This
pattern is in accordance with what was reported in the research [35], where it is observed
that the ag of the temperature series decreases with latitude.

In the case of ag for relative humidity (Figure 8b), an inverse correlation with altitude
and longitude was observed. The highest values of «y occurred near the Pacific coast, and
this may be associated with fog formation that occurs at sea during the occurrence of the
Santa Ana winds.

In Figure 9b, a persistent behavior can be seen because the values of &g are greater
than 0.5 and increase from west to east.

Figure 10b illustrates the values of & for wind direction, and an inverse correlation
with latitude is observed. In the high areas of the basin, an anti-persistent behavior occurs
that may be related to the deviation of the air flow caused by the region orography.

Regarding the «( values for wind speed variable (Figure 11b), an inverse correlation
with altitude was also observed. This behavior is similar to that observed in the «( values
for relative humidity (Figure 8b), e.g., the Sierra Juarez station (2066) located at the highest
point of the basin, which exhibited an «g value corresponding to 0.49. La Mision station
(2077), meanwhile, is located at the lowest and most western point of the basin and
presented an « value corresponding to 0.64. The stations closest to this longitude, such as
Boquilla Santa Rosa de La Mision (2005), Olivares Mexicanos (2036), and El Farito (2094),
also had « values of 0.64.

Figures 7c, 8¢, 9¢, 10c and 11c and Table 2 show the values corresponding to the width
of the singularity spectrum (Aw) for the different analyzed meteorological variables. The
width is a measure of the size of the fluctuations and the multifractality degree. Higher
values indicate a greater degree of multifractality. Ax was found to have a weak inverse
correlation between latitude and the temperature, pressure, wind speed, and direction
variables. In the case of relative humidity, there is a positive correlation with longitude,
and the multifractality degree increases from west to east.

The greater the width of the spectrum, the greater the difficulty in making predictions.
Analyzing the temperature series (Figure 7c) and pressure (Figure 9¢), it was found that
the Aa values at the El Pinal (2021) and Olivares Mexicanos (2036) stations are the lowest.
These stations are located in the Valle de Guadalupe, i.e., corresponding to the area where
better predictions could be made. The opposite is true in the area corresponding to the
Ojos Negros sub-basin (southern region).

For the wind speed variable (Figure 11c), the highest values of Ax occur at the Misién
(2077) and Sierra de Juarez (2066) stations. This confirms that these variables have a
multifractal scaling nature. For the series corresponding to wind direction, the Sierra de
Juarez station (2066) presents the highest Ax value.

In general, the maps corresponding to the parameter Ax show that all singularity
spectra are broad enough to indicate the occurrence of multifractality in the basin. The
Sierra de Juarez area shows a greater multifractality degree according to the widths of the
analyzed spectra.

The (r) parameter measures the asymmetry of the multifractal spectrum or singulari-
ties. For this study, the () asymmetry parameter presents values greater than 1 in most
of the stations where the variables were analyzed (Figures 7d, 8d, 9d, 10d and 11d), i.e.,
an asymmetry with a tendency towards the right of the multifractal spectrum (r positive
value), which also denotes high fractal exponents with large weights [36,37].

In addition, Figures 7d, 8d, 9d, 10d and 11d, show that, at the Sierra de Judrez station
(2066), the series corresponding to temperature, relative humidity, and wind speed have a
multifractal spectrum biased towards the left (r < 1). Negative values of the asymmetry
parameter indicate low fractal exponents of small weights and suggest the predominance
of large fluctuations, which can be related to extreme events [4,34].
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The multifractality of the studied series was quantified through the width and asym-
metry of the multifractal spectrum. This allows us to conclude that the multifractal nature
of the time series corresponding to temperature, wind speed and direction, relative humid-
ity, and pressure on the days when the Santa Ana winds occur exhibit a fine structure with
small fluctuations.

Finally, the values corresponding to the parameters and characteristics of the multi-
fractal spectrum or singularities can be used as quantitative and qualitative indicators to
describe the dynamics of meteorological processes during the occurrence of the Santa Ana
winds in the Guadalupe basin.

From these results, it can be confirmed that the studied time series, associated with
the occurrence of the Santa Ana winds maintain the same behavior and structure for a
moment of g = 2 order (monofractal) and a moment of g = 10 order (multifractal), i.e., it is
scale-invariant.

5. Conclusions

The 38-year-long daily time series of meteorological quantities from MERRA-2 database
possess multifractal properties, as has been confirmed by Multifractal Detrended Fluctua-
tions Analysis (MFDFA).

From the multifractal analysis, by estimating the generalized Hurst exponent and
multifractal spectra parameters for (xg, Ax, and r), the following conclusions were gathered.

First, the multifractal nature of daily time series data for climatic variables associ-
ated with the Santa Ana Winds was researched. The MFDFA method was employed to
extract multifractal complexity parameters (xg, Ax, and r) and construct multifractal spec-
tra for temperature, relative humidity, pressure, wind direction, and wind speed across
16 monitoring stations within the influence area of the basin. Meanwhile, the MFDFA
method was adequate to evaluate the multifractality of the time series that represent the
occurrence conditions of the Santa Ana winds. From the estimation of the generalized
Hurst exponent (hgq), it was possible to characterize the time series of the meteorological
variables in terms of the persistence, anti-persistence, or randomness characteristics.

Second, the Multifractal Detrended Fluctuation Analysis (MFDFA) confirmed that
the meteorological time series of Santa Ana winds exhibits multifractal characteristics.
The strong linear correlation observed between log(Fq) and log(s), along with the stable
profiles of the multifractal spectra, provide proof that the analyzed data are applicable for
multifractal analysis. Additionally, the strong dependency of the generalized exponent g
and 7(q) showed that the meteorological time series of Santa Ana winds is a multifractal
process. Values g < 0 and g > 0 have different behaviors due to the variation present in
the slope line that connects both points, as this line is different for positive and negative
values. Also, the calculated multifractal spectra allowed for the estimation of the fractal
dimension of the support set of each variable, obtaining good accuracy in estimating the
information dimension. The multifractal spectra obtained at the climatological stations
of the Guadalupe basin are asymmetric and have longer right branches in most cases,
indicating a high heterogeneity of the variables associated with the Santa Ana winds.

Furthermore, the multifractal analysis reveals that all examined variables show a
degree of persistence, with temperature, wind direction, and wind speed showing the
weakest degree. At the same time, relative humidity and pressure exhibit the strongest
persistence levels and the spatialization of the multifractal parameters associated with the
considered meteorological variables exhibits significant spatial variability. This behavior
may be linked to various factors, such as: deflection of large-scale horizontal flow by
the orography, physical geography of the region, topography, proximity to the sea, the
movement of air masses, and micro-climates.

The spatial distribution of the multifractal parameters exhibits variations, allowing
for the identification of regions susceptible to extreme events, correlated, or uncorrelated
processes. This is more noticeable in the temperature, speed, and wind direction maps.
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Also, it offers a valuable alternative to conventional approaches for climate dynamics
analysis and holds potential for comparative studies.

The multifractal analysis and the parameters maps allow the behavior of the Santa
Ana winds to be described through potential laws characterized by their own exponents.
It also constitutes a valid tool for the conceptualization of possible changes over time to
provide valuable information that can help farmers make decisions and carry out actions
to mitigate the impact of climate variability phenomena, such as the Santa Ana winds.

Of course, the present study cannot exhaustively explain the very complex spatiotem-
poral variability of climatic variables associated with Santa Ana winds; nonetheless, it
represents a contribution to the characterization of Santa Ana winds and to the understand-
ing the mechanisms that govern its dynamics in the Guadalupe basin.

For future work, an hourly and monthly application must be made over the years to
compare the multifractality characteristics in the series, considering that the Santa Ana
winds present hourly variations in the same day. Additionally, a future work could associate
multifractality with climate classification.

Finally, this type of study contributes to understanding the regional dynamics of the
Guadalupe basin and to establishing a basis for the development of models that allow
forecasting the days on which the Santa Ana winds occur to mitigate the potential negative
consequences, such as fires and droughts.
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Appendix A. Santa Ana Time Series: Wind Direction, Wind Speed and Temperature

The filter proposed in [3] was used to evaluate the occurrence of days with Santa Ana
wind events. This criterion for evaluating a Santa Ana event occurrence was associated
with wind speed and wind direction. The benchmark wind speed was established at
>4.5m/s, and the wind direction criterion were established in winds from the first quadrant.
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Figure A3. Wind direction time series stations 2066, 2077, 2079, and 2094.
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