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Abstract: A fractal analysis based on the time series of precipitation, temperature, pressure, relative
humidity, and wind speed was performed for 16 weather stations located in the hydrographic basin
of the Guadalupe River in Baja California, Mexico. Days on which the phenomenon known as Santa
Ana winds occurs were identified based on the corresponding criteria of wind speed (≥4.5 m/s)
and wind direction (between 0◦ and 90◦). Subsequently, the time series was formed with data
representing the days on which this phenomenon occurs in each of the analyzed weather stations. A
time series was additionally formed from the days in which the Santa Ana winds condition does not
occur. Hurst exponents and fractal dimension were estimated applying the rescaled range method to
characterize the established time series in terms of characteristics of persistence, anti-persistence, or
randomness along with the calculation of the climate predictability Index. This enabled the behavior
and correlation analysis of the meteorological variables associated with Santa Ana winds occurrence.
Finally, this type of research study is instrumental in understanding the regional dynamics of the
climate in the basin, and allows us to establish a basis for developing models that can forecast the days
of occurrence of the Santa Ana winds, in such a way that actions or measures can be taken to mitigate
the negative consequences generated when said phenomenon occurs, such as fires and droughts.

Keywords: winds intensity and wildfires; time scale; fractal dimension

1. Introduction

The Santa Ana winds are a meteorological phenomenon that affects the Southwestern
United States and Northwestern Mexico, mainly in fall and winter [1]. They are a warm,
dry, Föhn-type wind from the east or northeast, blowing from the Sierra Nevada eastern
desert to the Southern California coast [2]. They are named after the crossing and river
valley of Santa Ana, California, tend to occur in winter and spring, and can affect much of
the Southern California region [3].

The climatology of the Santa Ana winds has been studied mainly from information on
a synoptic scale; nonetheless, other approaches have been applied, allowing daily analysis
of the Santa Ana winds from pressure fields [4], and also through daily values of the
Meteorological Fire Index (FWI) [5]. Abatzoglou and Barbero [6] developed the longest
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empirical daily reconstruction to date, from 1948 to 2012, based on global reanalysis of
pressure and temperature convection fields.

Mesoscale modeling (MSM) has also been used in the study of the Santa Ana winds,
to generally research their structure from a small sample of a single event and dynamically
reduced data sets [7–9]. The Santa Ana winds generally occur between September and April,
but the occurrence probabilities are greater between October and December. Meteorological
indicators of the winds are high wind speeds (up to 30 mph), northeast wind directions,
and low relative humidity, along with a strong pressure gradient between the Great Basin
and the California coast [4–6,8,10–12]. They tend to form in winter but the most dangerous
events usually occur in the fall, before the winter rains begin. Curiously, at this time,
vegetation tends to be extremely dry, causing a high risk of fires due to the very low
humidity condition and the strong winds that can cause and spread flames, arousing great
interest in fire dynamics research in Southern California [11,13,14].

In Northwestern Mexico, the impact of the Santa Ana Winds has been drawing
attention; however, there are few investigations. In the last several years, Navarro-
Olache et al. [15] analyzed the Santa Ana winds’ influence on the surface circulation
in the Todos los Santos bay. Similarly, Álvarez and Carbajal [1] studied the behavior of
meteorological variables and sand storms in Northwestern Mexico during the Santa Ana
winds occurrence, based on the simulation of an extreme event in October 2007. Other
investigations carried out in this area correspond to a whirl ascension due to the winds [16],
to the analysis of the evolution and extension of the Santa Ana winds for an event from
February 2002 using the QuickScat satellite [17], the determination of the wind potential
generated by these winds on the Baja California coast [18], and the evaluation of the winds’
effect on the bio-optical properties [19].

When studying climatic variables, non-linear techniques such as fractals and multi-
fractals allow us to analyze patterns’ occurrence and their interpretation from the analysis
of the structure of time series [20,21]. Thereby, the predictability of climatic phenomena
such as the North Atlantic Oscillation (NAO), El Niño Southern Oscillation (ENSO), and
the Pacific Decadal Oscillation (PDO) has been studied using fractals and multifractals by
estimating the Hurst exponent to different orders, which has allowed the findings that
NAO presents low predictability and a close correlation with the quasi biennial oscillation
(QBO) [22,23]. On the other hand, Diodato et al. [24] validated a prediction model from
the Palmer Drought Severity Index as a function of ENSO and PDO, using Hurst exponent
estimation.

It was decided to work with fractal analysis in this study instead of methods involving
probability, since dynamic systems exhibit self-similarity and spatio-temporal fluctuations
in their behavior at all scales, indicating correlations at a wide range [21]. The Santa Ana
winds are a phenomenon that occurs with a particular time scale, making fractal analysis
suitable for interpreting correlations between the variables involved in the phenomenon’s
research and also analyzing the scale invariance at different temporary resolutions.

As the Santa Ana winds are a phenomenon involving relationships between complex
variables and non-linear processes, this climate complexity should be further explored
using emerging methods from complex systems science to improve our understanding
and help to develop and evaluate more reliable climatic condition models [25]. Finally, the
behavior and correlation of the meteorological variables associated with the Santa Ana
winds will be studied in this research using the Hurst exponent and the fractal dimension,
in addition to the predictability and dependence between these variables with the climate
predictability index.

2. Theory
2.1. Rescaled Range

The rescaled range method was proposed by the English hydrologist Harold Edwin
Hurst 1951, who dedicated his research to the study of the Nile River’s hydrology. He
was particularly interested in the annual changes in water levels to adapt storage capacity
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according to the natural environment. Hurst noted that floods could be characterized as
persistent, i.e., the most intense floods were accompanied by above-average floods, while
below-average floods were followed by minor floods. During this finding, he developed
the rescaled range analysis (R/S) [26].

Due to its simplicity, rescaled range analysis has been widely used to analyze the
scalar and statistical properties and the anti-persistent, persistent, and random behavior of
time, precipitation series, temperature, etc. The method consists of the following steps [27]:

1. It starts with a series of M size. The input profile is defined; this is obtained from the
difference between the records of two consecutive points:

M′
i = Mi −Mi+1, (1)

where Mi is the record for time i.
2. The average of differences for the selected window width is obtained as:

〈M′
〉

w =
1
w

w

∑
i=1

I ′i , (2)

3. The average of the differences obtained in the previous step is subtracted from the
input profile M′

i , defined as:

X(i, w) =
i

∑
u=1

[
M′

u − 〈M′〉w
]
, (3)

4. Finally, range (R) and standard deviation (S) are given by:

R(w) = max
1≤i≤w

X(i, w)− min
1≤i≤w

X(i, w), (4)

S(w) =

{
1
w

w

∑
i=1

[
M′

i − 〈M
′〉w
]2}1/2

, (5)

where:
R(w) is the range taken by the X values in the w interval. The range is measured

relative to a trend in window w, where the trend is simply estimated as the line connecting
the first and last points within the window. This subtracts the average trend in the window.

S(w) is the standard deviation of the first differences of M′
i within a window width.

The first differences of M′
i , as previously mentioned, are defined as the differences between

a value and the consecutive value.
One can determine from this, for each value of window length w, a value of R/S that

is subject to a power law.
R/S(w) = wH (6)

where H is the Hurst exponent. This process is repeated for various window lengths, and
the logarithms of R/S(w) are plotted vs. the w logarithms. If the trace is self-related, this
graph must follow a straight line whose slope is equal to the Hurst exponent H. The value
of the Hurst exponent takes values from 0 to 1 (0 < H < 1) and allows us to measure the
persistence of a time series. Therefore:

• Gaussian random walks, or, in general, independent processes, have an H = 0.5.
• If 0.5 < H < 1, positive dependence is indicated, and the series is called persistent.
• If 0 < H < 0.5, negative dependence is indicated, producing anti-persistence.

Fractal dimension can be estimated using the following equation that relates the Hurst
exponent H and fractal dimension D:

D = 2− H (7)
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If the fractal dimension D has a 1.5 value, we obtain the Brownian motion. In this case,
there is no correlation between the amplitude changes corresponding to two successive time
intervals. Therefore, a trend in the amplitude of the time series cannot be distinguished, and
the process is consequently unpredictable. Nonetheless, as the fractal dimension decreases
to 1.0, the process becomes more and more predictable as it exhibits persistence, i.e., the
future or past trend is more and more likely to follow a trend. As the fractal dimension
increases from 1.5 to 2.0, the process exhibits anti-persistence, i.e., a decrease in the process
amplitude is more likely to lead to an increase in the future or in the past. Therefore,
predictability increases again [28].

2.2. Climate Predictability Index

Based on the Hurst exponent theory and fractal dimension, the climate predictability
index (PIC) aims to find the relationship between meteorological parameters. It has been
applied to study climate dynamics in India [29] and Saudi Arabia [30]. This method is
useful for shifting the emphasis from fractal dimensions to predictability.

The predictability indices of pressure (PIP), temperature (PIT), precipitation (PIR),
relative humidity (PIH), and wind speed (PIW) are defined as follows:

PIP = 2 ∗ |DP − 1.5| (8)

PIT = 2 ∗ |DT − 1.5| (9)

PIR = 2 ∗ |DR − 1.5| (10)

PIH = 2 ∗ |DW − 1.5| (11)

PIW = 2 ∗ |DW − 1.5| (12)

where DP, DT , DR, DH , and DW are, respectively, the fractal dimension of pressure, tem-
perature, precipitation, relative humidity, and wind speed time series.

Here, |D| denotes the absolute value of number D. This is because predictability can
increase in the following cases: when the fractal dimension is less than 1.5, and when it
is greater than 1.5. In the first case, there is a positive correlation or persistence and, in
the second case, an anti-correlation or anti-persistence behavior. However, in both cases,
the process is very predictable. By using the absolute value, we ensure that a process with
D = 1.3 has the same predictability index as a process with a fractal dimension D = 1.7.

The climate predictability index for precipitation, relative humidity, and wind speed
in terms of the predictability indices of pressure and temperature are defined as shown
below [31]:

PICR = (PIT , PIP, PIR) (13)

PICH = (PIT , PIP, PIH) (14)

PICW = (PIT , PIP, PIW) (15)

If one of the indices is close to zero, the process approaches a Brownian motion and is
therefore unpredictable. If this is close to 1, the process is very predictable.

It is useful to have the three predictability indices of these variables represented in
one, which allows us to see how these three change in relation to each other as the seasons
change. Moreover, by introducing predictability indices instead of fractal dimensions, we
can focus on how predictable the process is.

An important factor that has not been explicitly included in the composition of the
PIC is the location geographic parameters; nonetheless, in many cases, one of the above
indices may already implicitly include the effect of geographic parameters. In such cases,
geographic location parameters can be useful to explain why one of the indices acquires the
value it has. A particular case is the one found for the June–September season (southeast
monsoon) in the stations located in the northwestern region of India, where the sinking
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limits of the southwestern monsoon cell are also found. Thus, precipitation is unpredictable
even when temperature and pressure are predictable [29].

2.3. Inverse Distance Weighting (IDW)

The IDW method has been widely used in the literature and is considered one of
the standard spatial interpolation procedures because it is relatively fast and easy for
interpretation and estimation. This method assumes that the interpolation surface is more
affected by nearby locations than by other locations. The two-dimensional IDW schema for
a new unknown (interpolated) value Z

(
s∗i
)

at new locations s∗i is given by:

Z(s∗i ) =
m

∑
k=1

w(rik)Z(sk), s∗i , sk ∈ R2 (16)

where Z (sk) are the observed values at locations sk. The weight function is defined as
w (rik) = ŵ (rik)

∑ ŵ(rik)
, where ŵ(rik) = 1/rβ

ik y rik =
∣∣s∗i − sk

∣∣ (distance between locations s∗i
and sk) [32].

3. Materials and Methods

The study area corresponds to the Guadalupe River basin, located in the northern state
of Baja California, between latitudes 31◦50′ N, 32◦16′ N and longitudes 116◦54′ W, 115◦52′

W. It is a semi-arid area with a Mediterranean climate, with an average annual temperature
of approximately 16 ◦C and average annual rainfall of approximately 254.6 mm. It has an
area of 2390 km2 divided into three sub-basins: Ojos Negros located upstream, Valle de
Guadalupe in the central part, and the La Misión sub-basin downstream that flows into the
Pacific Ocean (Figure 1) [33].

Figure 1. Study area location.

Thiessen polygons were implemented to estimate the climatological stations that had
influence within the basin; 8 stations were found within the basin area and 8 between the
basin perimeters and limits for a total of 16 stations.

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

3.1. Databases

Two databases were used from the Rapid Climatological Information Extractor (ERIC)
in its web version (SIG ERIC version 1.0). This has information from stations in the
CLICOM database and the National Reference Climatic Network. This database only
provides information on maximum, minimum, and observed temperature, precipitation,
evaporation, electrical storm, hail, and fog. Data are complemented by the web service, the
Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2),
which offers time series of temperature, relative humidity, pressure, wind speed, and
direction, precipitation, snowfall, depth of snow, and global horizontal irradiation. The
analysis period was between 1980 and 2018.

The following is a list of the stations implemented in the analysis and the Hurst
exponents for the variables of pressure (P), temperature (T), rainfall (R), relative humidity
(H), and wind speed (W) for the 38-year time series.

3.2. Santa Ana

Criteria used to define the Santa Ana winds (SAW) depend on both the impact of
interest (e.g., catastrophic wildfires) and location, and/or day time evaluated [34].

Rolinski et al. [34] proposed a classification of the Santa Ana winds time series, based
on the great fire potential LFPw and the mean sea-level pressure gradients (MSLP), where
the criteria were: LFPw ≥ 6 and WS ≥ 4.5 m

s (10 mph). Then, the Self-Organizing Maps
(SOM) were applied to verify that the time series only contained legitimate days of Santa
Ana winds; the most frequent climatic patterns of the zones were verified with the SOMs.

As indicated by Raphael [4], some criteria implemented in the past, such as relative
humidity, wind speed, and wind direction, were collected to define the Santa Ana winds. If
the average wind speed during four intervals in a day was greater than or equal to 20 mph,
the wind direction was from the northeast quadrant, and if the relative humidity at 1630
Pacific Standard Time (PST) was less than 40%, it was considered to be a Santa Ana event.
Edinger et al. [35] studied seven years of data from Southern California and the occurrence
of a Santa Ana event came with a pressure drop of 3 mb, an increase in temperature of
9 ◦C, winds from the north with speeds greater than 30 mph, and relative humidity of 30%
or less.

Raphael [4] analyzed a 33-year series of meteorological maps, with criteria of high
pressure over the Great Basin and low pressure off the Southern California coast, and a
prevailing wind direction from the northwest quadrant.
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Jones et al. [5] studied 28 years of Fire Climate Index (FWI) values, of which dry winds
were a component. The criteria to consider a day as a Santa Ana wind event were as follows:
(1) the Great Basin or 30% of the Great Basin had positive gradients in pressure at sea level,
(2) the Southern California coasts had negative anomalies in pressure at sea level, and
(3) winds over the Los Angeles Basin were from the northeast quadrant.

For Zamora et al. [18], the Santa Ana winds are associated with a change in relative
humidity with drops of less than 10%, the direction in the northeast quadrant corresponding
to 0◦ to 90◦, and speeds greater than or equal to 20 mph (8.9411 m/s).

Navarro-Olache et al. [15] used criteria of relative humidity below 45% and wind speed
greater than or equal to 7 m/s, following those proposed by [7]. Álvarez and Carbajal [1],
in the values observed in Ensenada, recorded data of a minimum wind speed of 1.08 m/s
and a maximum of 17.91 m/s, temperatures between 11.9 and 31.8 ◦C, and pressure above
sea level between 1008.43 and 1017.93 mb.

Dye et al. [10] classified Santa Ana winds associated with a fire with speeds of 5.19 m/s
and wind direction of 38.51◦, and Santa Ana winds without fires with speeds of 3.96 m/s
and wind direction of 33.54◦.

A filter was devised to determine on which days a Santa Ana event occurred and on
which days it did not. For the selection of the criterion, the concepts previously exposed
and those of [1,3,4,13,15,16,25,26] were reviewed.

A criterion for evaluating a Santa Ana event occurrence associated with wind speed
was established at ≥4.5 m/s; the value at which the blaze remains from a fire could
accelerate its spread in the air [34]. Consequently, days considered with Santa Ana winds
are linked to fires; for the wind direction, the criterion was established in winds from the
first quadrant [4,5,18]. The days that meet the two previous conditions are considered
days on which a Santa Ana event occurred, the days that do not meet these criteria are
considered days on which a Santa Ana wind did not occur.

3.3. Rescaled Range (R/S)

The Hurst exponent and fractal dimension were calculated for the series of time,
temperature, relative humidity, pressure, wind speed, and precipitation for days on which
the Santa Ana event occurred and on which there were no Santa Ana winds, using the
Benoit v1.31 program, following the equations described in (1)–(7).

3.4. Predictability Index

The predictability indices of the variables were estimated using the equations pre-
sented in Section 2.2: Equation (8) for pressure, (9) for temperature, (10) for precipitation,
(11) for relative humidity, and (12) for wind speed. From these, the climatic predictability
index for relative humidity, wind speed, and precipitation were obtained. The first two
were of interest as they are related to the Santa Ana winds.

3.5. Spatialization

Spatial distribution maps were generated by the inverse distance weighting interpo-
lation technique (IDW), using ArcGIS software for Hurst exponents, fractal dimension,
and predictability indices for temperature, pressure, relative humidity, wind speed, and
precipitation.

4. Results and Discussion
4.1. Fractal Analysis

Table 1 shows the weather stations used in the different analyses carried out. The
estimated values of the Hurst exponent are also reported for variables of pressure (P),
temperature (T), precipitation (R), relative humidity (H), and wind speed (W) from the
time series obtained with the databases used.
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Table 1. Stations and variables of P, T, R, H, and W.

Code Name Latitude Longitude Altitude P T R H W

2035 Ojos Negros 31.910 −116.270 680 0.77 0.93 0.73 0.81 0.66
2066 Sierra de Juárez 32.000 −115.950 1580 0.80 0.96 0.69 0.85 0.68
2079 El Alamar 31.840 −116.200 710 0.78 0.93 0.73 0.81 0.66
2118 Valle San Rafael 31.920 −116.230 721 0.77 0.94 0.72 0.82 0.66
2164 Ejido El Porvenir 32.110 −115.850 330 0.82 0.96 0.68 0.86 0.68
2001 Agua Caliente 32.110 −116.450 400 0.79 0.93 0.74 0.81 0.65
2004 Ignacio Zaragoza Belén 32.200 −116.490 540 0.80 0.93 0.74 0.81 0.64

2005 Boquilla Santa Rosa de
la Misión 32.020 −116.780 250 0.83 0.91 0.76 0.75 0.65

2021 El Pinal 32.180 −116.290 1320 0.77 0.94 0.72 0.83 0.64
2025 Ensenada (Obs) 31.860 −116.610 21 0.82 0.92 0.76 0.77 0.66
2036 Olivares Mexicanos 32.050 −116.680 340 0.82 0.92 0.76 0.77 0.65
2049 San Juan de Dios Norte 32.130 −116.170 1280 0.78 0.95 0.70 0.83 0.65
2094 El Farito 31.980 −116.670 250 0.82 0.92 0.75 0.77 0.65
2122 Real del Castillo Viejo 31.950 −116.750 610 0.83 0.90 0.76 0.75 0.65
2077 La Misión 32.100 −116.810 20 0.83 0.91 0.76 0.74 0.65
2114 Ejido Carmen Serdán 32.240 −116.580 560 0.81 0.93 0.75 0.80 0.64

Values of the Hurst exponent (Table 1) were estimated from the recorded series and
without classifying the days on which there was occurrence or non-occurrence of the Santa
Ana winds. We aimed to identify the fractal characteristics of the considered study variables
and carry out a comparison with the results reported in other research.

Hurst Exponent

Results of the Hurst exponent from the precipitation series show that the variable
has persistent behavior by having Hurst exponent values greater than 0.5 t. These results
coincide with those reported by [21] in the area under study. These results are also similar
to those reported in other places, such as Israel (0.7) [36], Australia (0.6) [37], and Saudi
Arabia (0.59–0.71) [30]. Other works carried out in subtropical and semi-arid climates report
values below 0.5, despite having similar conditions to the region under study [38–40].

Regarding temperature, values obtained by Mianabadi [41] in Mashad, Iran of 0.6
are similar to ours (0.85–0.96), as they are also persistent. Similarly, for the island of Crete
in Greece, the generalized Hurst exponent value of temperature was 0.65 [42]. However,
when comparing with Rehman [30], the Hurst exponent values for the temperature in Saudi
Arabia are anti-persistent. Regarding wind speed and relative humidity [30], reported
average values were 0.64 and 0.61, respectively, similar to those found in the studied region.
For the comparison of the pressure Hurst exponent, Rehman [30] found that, in Saudi
Arabia, the Hurst exponent took anti-persistent values of 0.2, while those obtained in this
research are persistent. This could be due to the fact that the basin’s climate responds to the
influences of pressure generated on a large scale in the region and not to local phenomena.

The climate of the Guadalupe basin is generally persistent throughout the year. In
some variables, the persistence degree is greater than in others, but it can be generally
defined that it has characteristics of a long-term memory when analyzing the temporal
structure of the series of precipitation, temperature, pressure, relative humidity, and wind
speed. Nonetheless, when breaking down the series to verify the occurrence of the Santa
Ana winds phenomenon, it is observed that, during the days when this event does not
occur, they maintain the same behavior as the original series. The foregoing confirms that
changes in the Hurst exponent values of some variables for the days with Santa Ana winds
are linked to the variable of sensitivity to this phenomenon.

Table 2 shows a summary containing the number of days making up the time series
established as days with Santa Ana winds, as well as the criteria established to identify
said condition in each of the analyzed stations, including: wind speed ≥ 4.5 m/s and wind
direction between 0◦ and 90◦. In the first instance, the criterion of relative humidity ≤ 10%
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was also evaluated, but this criterion was not met on the days when Santa Ana winds had
occurred. Relative humidity on those days did not fall to the above limit, so the criteria
were reduced only to the speed and direction of the wind. Other research has also ruled
out this parameter [1,18].

Table 2. Criteria for selecting days with Santa Ana winds.

Stations Days with Santa Ana Winds

Code Name Latitude Longitude Altitude Criterion of W a Criterion of WD b W and WD c

2035 Ojos Negros 31.91 −116.26 680 1644 2859 463
2066 Sierra de Juárez 32.00 −115.95 1580 1673 2905 163
2079 El Alamar 31.84 −116.20 710 1675 2863 460
2118 Valle San Rafael 31.92 −116.23 721 1661 2889 447
2164 Ejido El Porvenir 32.11 −115.85 330 1778 2479 83
2001 Agua Caliente 32.11 −116.46 400 1535 2622 364
2004 Ignacio Zaragoza Belén 32.20 −116.49 540 1659 2578 360

2005 Boquilla Santa Rosa de
la Misión 32.02 −116.78 250 1290 1992 349

2021 El Pinal 32.18 −116.29 1320 2175 2774 342
2025 Ensenada (Obs) 31.86 −116.61 21 1412 2134 332
2036 Olivares Mexicanos 32.05 −116.68 340 1296 2215 361
2049 San Juan de Dios Norte 32.13 −116.15 1280 1998 2818 266
2094 El Farito 31.98 −116.67 250 1288 2154 351
2122 Real del Castillo Viejo 31.95 −116.75 610 1346 1952 325
2077 La Misión 32.10 −116.81 20 1285 2052 370
2114 Ejido Carmen Serdán 32.24 −116.58 560 1580 2494 372

a Where W is wind speed ≥ 4.5 m/s. b WD is wind direction between 0◦ and 90◦. C is the crossing of the two
criteria of wind speed and wind direction.

From the time series resulting from the criteria established above, the Hurst exponents
and fractal dimensions were calculated for days with Santa Ana winds and days without
Santa Ana winds (Table 3). In this table, T represents temperature, P is pressure, R is rain,
H is relative humidity, W is wind speed, and WD is wind direction.

Table 3. Hurst exponent for the meteorological variables under study on the days with Santa Ana
winds and days without Santa Ana winds.

Stations Days with Santa Ana Conditions Days without Santa Ana Conditions

Code Name P T R 1 H W WD P T R. H W WD

2035 Ojos Negros 0.64 0.53 0.66 0.72 0.43 0.50 0.75 0.93 0.73 0.83 0.66 0.70
2066 Sierra de Juárez 0.48 0.59 * 0.60 0.63 0.18 0.79 0.95 0.69 0.85 0.68 0.65
2079 El Alamar 0.61 0.51 0.50 0.72 0.40 0.53 0.76 0.93 0.72 0.82 0.67 0.70
2118 Valle San Rafael 0.63 0.50 0.65 0.71 0.40 0.50 0.75 0.93 0.72 0.83 0.66 0.70
2164 Ejido El Porvenir 0.36 0.49 * 0.60 0.63 0.32 0.82 0.96 0.68 0.86 0.68 0.62
2001 Agua Caliente 0.65 0.45 * 0.81 0.45 0.41 0.73 0.92 0.75 0.87 0.68 0.72

2004 Ignacio Zaragoza
Belén 0.66 0.44 0.87 0.78 0.48 0.49 0.78 0.93 0.75 0.82 0.65 0.72

2005 Boquilla Santa Rosa de
la Misión 0.65 0.49 0.77 0.74 0.50 0.46 0.82 0.90 0.77 0.75 0.65 0.72

2021 El Pinal 0.54 0.42 0.62 0.78 0.44 0.41 0.76 0.93 0.72 0.83 0.66 0.71
2025 Ensenada (Obs) 0.63 0.52 0.95 0.77 0.54 0.40 0.81 0.91 0.76 0.78 0.65 0.72
2036 Olivares Mexicanos 0.68 0.47 * 0.79 0.49 0.46 0.81 0.91 0.76 0.78 0.65 0.72
2049 San Juan de Dios Norte 0.57 0.44 * 0.72 0.45 0.33 0.77 0.94 0.70 0.83 0.66 0.71
2094 El Farito 0.62 0.49 0.90 0.75 0.49 0.45 0.81 0.91 0.76 0.77 0.65 0.72
2122 Real del Castillo Viejo 0.63 0.53 0.31 0.77 0.55 0.44 0.81 0.91 0.76 0.76 0.66 0.72
2077 La Misión 0.68 0.53 0.23 0.75 0.47 0.47 0.82 0.90 0.76 0.75 0.65 0.72
2114 Ejido Carmen Serdán 0.64 0.43 0.73 0.74 0.46 0.41 0.79 0.91 0.75 0.80 0.64 0.72

1,* Data that could not be estimated because the formed time series did not have the minimum data to apply the
rescaled range technique. Equations (1)–(6).
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For the data series of days with Santa Ana winds, the Hurst exponent of pressure was
greater than 0.5 in most stations, except Sierra De Juárez and Ejido El Porvenir, where it was
0.48 and 0.36, respectively, meaning anti-persistence and indicating that these areas may be
affected by local microclimates. The pressure behavior in general is of weak persistence,
compared to the strong persistence of the Hurst exponent on days when there are no Santa
Ana winds. For the temperature, the Hurst value ranged between 0.43 and 0.59. At the
Valle de San Rafael station, the Hurst exponent value was 0.5, while at the Ejido Porvenir,
Boquilla, Santa Rosa de La Misión, and El Farito stations, the estimated value of the Hurst
exponent was 0.49. This behavior was also found in the Agua Caliente, El Pinal, Olivares
Mexicanos, San Juan De Dios Norte, and Ejido Carmen Serdán stations. Generally, for
temperature, a change in the Hurst exponent value can be noticed between one condition
and the other, i.e., on days without Santa Ana winds, it is very persistent, but when this
phenomenon occurs, the temperature becomes anti-persistent in many zones. This could
be a consequence of large fluctuations in temperature at these times of the year, becoming
random in a certain places, as already mentioned.

Regarding precipitation data recorded on the days with Santa Ana winds, the Hurst
exponent could not be estimated for all weather stations because there were not enough
data to use the rescaled range analysis. In the cases where it was possible to estimate
Hurst exponent values for precipitation, the analyses resulted in values greater than 0.5,
maintaining persistent characteristics. Nonetheless, at the Real del Castillo Viejo and La
Misión stations, values obtained were 0.31 and 0.23, respectively. For the Alamar station,
random behavior was determined for days with Santa Ana winds.

For the series of the relative humidity variable, results yielded Hurst exponent values
greater than 0.5 in all the weather stations analyzed. These persistence conditions are
maintained when the Santa Ana winds do and do not occur.

In the case of the wind speed series, Hurst exponent values denote a trend for the
variable to have an anti-persistent behavior because the values are less than 0.5. However,
in the Sierra de Juárez and Ejido El Porvenir stations, values of 0.63 were estimated, and for
the Ensenada and Real del Castillo Viejo stations, values of 0.54 and 0.55 were, respectively,
estimated. Based on these results, it could be said that wind speed and temperature are
regulated by the winds from the Great Basin and the pressure gradients generated during
this time, as opposed to pressure and relative humidity, regardless of occurrence. The
condition of the Santa Ana winds conserves the persistence in the series even to a lesser
degree. Relative humidity does not reflect the changes in the value of the Hurst exponent
that would be expected for the time of Santa Ana, i.e., the values of the Hurst exponent
did not remain in the same range, but instead became anti-persistent values or random in
said season, as occurs with other variables such as wind speed and temperature, where the
behavior of the Hurst exponent is not the same for the two analysis conditions.

This situation may be due to what was mentioned above about the records, which, in
most stations, did not have relative humidity values ≤ 10%, as suggested by the classifica-
tion criteria. In some stations where it was found that the aforementioned criteria were met,
they did not coincide with the months of the Santa Ana season, but rather with the time
when this type of wind was not expected to occur. Furthermore, many of these criteria are
based on analyses carried out in the United States, and the phenomenon, when it reaches
the Baja California region, does not enter with the same intensity and varies according to
the topographic characteristics of the area. This was evidenced in the correlation matrices
and variables’ spatialization maps, where not all the basin has the same behavior for the
variables analyzed, as will be thoroughly examined in Section 4.3.

Furthermore, the Hurst exponent of the wind direction was estimated, determining
values less than 0.5 for most of the stations. Only in El Alamar, the Hurst value was 0.53.
Random conditions were present at the Ojos Negros and Valle De San Rafael stations. In
the Sierra de Juárez station, the anti-persistence was stronger than in the other stations,
with a value of 0.18. These results were for the condition of days with Santa Ana winds,
while, for days without Santa Ana winds, the wind direction was persistent.
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This is due to the fact that when there are Santa Ana Winds, the climate is altered. As
relative humidity decreases, wind speed increases. The direction of these winds is only
from the first quadrant, and temperatures can or cannot fall. This invariance in the time
series scale is affected by a regional phenomenon called the Santa Ana winds, since, when
segmenting the complete vector into two seasons, changes are observed, as evidenced in
the previous analyses. In the Hurst values of the days when there are no Santa Ana winds,
it is observed that the occurrence of pressure, temperature, precipitation, relative humidity,
wind speed, and even wind direction is influenced by many regional and/or large-scale
weather systems, e.g., Tatli [43] determined high persistence values of the Hurst exponent,
for which it was affirmed that many regional and/or large-scale climatic systems influenced
the occurrence of droughts over Turkey. If some small-scale atmospheric systems were
effective in the formation of droughts, then at least some values of H < 0.5 should be
obtained, a result that did not occur.

For the Hurst exponents on days with Santa Ana winds, it is observed that this regional
phenomenon modifies the climatic dynamics of the basin, altering the variables involved in
it with different intensities.

4.2. Predictability Index

Table 4 shows the values obtained for the predictability indices of pressure, tempera-
ture, precipitation, relative humidity, wind speed, and wind direction for the days with
and without Santa Ana winds.

Table 4. Predictability indices of pressure, temperature, precipitation, relative humidity, wind speed,
and wind direction for days with and without Santa Ana winds.

Stations Days with Santa Ana Winds Days without Santa Ana Winds

Code Name PIP PIT PIR
2 PIH PIW PIWD PIP PIT PIR PIH PIW PIWD

2035 Ojos Negros 0.27 0.06 0.31 0.43 0.15 0.00 0.50 0.85 0.45 0.65 0.33 0.40
2066 Sierra de Juárez 0.04 0.18 * 0.19 0.26 0.65 0.59 0.90 0.38 0.69 0.35 0.30
2079 El Alamar 0.22 0.02 0.00 0.43 0.20 0.05 0.53 0.85 0.45 0.65 0.34 0.41
2118 Valle San Rafael 0.25 0.00 0.30 0.42 0.20 0.00 0.50 0.86 0.44 0.65 0.32 0.40
2164 Ejido El Porvenir 0.29 0.03 * 0.19 0.26 0.35 0.64 0.93 0.36 0.71 0.35 0.23
2001 Agua Caliente 0.30 0.11 * 0.61 0.10 0.18 0.47 0.84 0.50 0.73 0.35 0.44

2004 Ignacio Zaragoza
Belén 0.32 0.13 0.74 0.56 0.04 0.03 0.56 0.85 0.49 0.64 0.30 0.45

2005 Boquilla Santa Rosa
de la Misión 0.31 0.02 0.54 0.47 0.01 0.09 0.64 0.80 0.53 0.50 0.29 0.44

2021 El Pinal 0.07 0.17 0.24 0.55 0.13 0.19 0.51 0.86 0.44 0.65 0.31 0.43
2025 Ensenada (Obs) 0.25 0.04 0.90 0.53 0.08 0.19 0.62 0.82 0.51 0.55 0.31 0.44
2036 Olivares Mexicanos 0.36 0.07 * 0.58 0.02 0.09 0.62 0.81 0.52 0.55 0.30 0.44

2049 San Juan de Dios
Norte 0.14 0.11 * 0.44 0.09 0.33 0.54 0.87 0.40 0.67 0.32 0.42

2094 El Farito 0.25 0.01 0.80 0.50 0.01 0.11 0.62 0.82 0.51 0.55 0.30 0.43
2122 Real del Castillo Viejo 0.25 0.06 0.38 0.54 0.09 0.12 0.62 0.81 0.52 0.53 0.32 0.43
2077 La Misión 0.36 0.05 0.53 0.49 0.06 0.06 0.64 0.80 0.53 0.49 0.29 0.44
2114 Ejido Carmen Serdán 0.29 0.15 0.46 0.47 0.09 0.19 0.59 0.83 0.50 0.60 0.29 0.45

2,* Data that could not be estimated because the time series formed did not have the minimum data to apply the
rescaled range technique and determine the fractal dimension and predictability index. Equations (7)–(15).

If one of the indices from the table above is close to zero, the process approaches a
Brownian motion and is therefore unpredictable. If this is close to 1, the process is very
predictable.

Regarding predictability indices in general, when there are Santa Ana winds, the
variables of pressure, temperature, wind speed, and wind direction become unpredictable,
while, when there are no Santa Ana winds, they are predictable. Relative humidity also
becomes less predictable, as evidenced in Table 4, becoming unpredictable in certain
stations, such as Sierra Juárez and Ejido el Porvenir. Additionally, it is observed that, for
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the precipitation predictability index at the Ignacio Zaragoza Belén, Boquilla Santa Rosa de
La Misión, Ensenada, El Farito, and La Misión stations, they have values greater than 0.5,
i.e., their predictability is closer to 1, meaning that they are quite predictable, in contrast
to the Ojos Negros, El Alamar, Valle De San Rafael, El Pinal, Real del Castillo Viejo, and
Ejido Carmen Serdán stations, where the index has values closer to 0, meaning that the
precipitation variable is unpredictable.

4.2.1. Climatic Predictability Index

For the climatic predictability indices of precipitation, relative humidity, and wind
speed, an analysis was carried out to evaluate how temperature and pressure impacted
the aforementioned variables. Table 5 shows the interaction between these variables when
a Santa Ana event occurs and Table 6 for days without Santa Ana winds. The * indicates
stations where the Hurst exponent, the fractal dimension, and, therefore, the climatic
predictability indices of precipitation could not be estimated because the precipitation
series did not have the minimum data necessary to be able to perform the analyses.

Table 5. Climate predictability index for days with Santa Ana winds and correlation between
meteorological parameters.

Stations Days with Santa Ana Winds Impact by Temperature and
Pressure

Code Name PICR = (PIT, PIP, PIR) PICH = (PIT, PIP, PIH) PICW = (PIT, PIP, IPW) PICR PICH PICW

2035 Ojos Negros (0.058, 0.270, 0.314) (0.270, 0.058, 0.432) (0.058, 0.270, 0.150) Ë X Ë
2066 Sierra de Juárez (0.184, 0.042, *) (0.042, 0.184, 0.194) (0.184, 0.042, 0.262) * Ë Ë
2079 El Alamar (0.018, 0.222, 0.000) (0.222, 0.018, 0.434) (0.018, 0.222, 0.200) Ë X Ë
2118 Valle San Rafael (0.004, 0.254, 0.296) (0.254, 0.004, 0.418) (0.004, 0.254, 0.204) Ë X Ë
2164 Ejido El Porvenir (0.028, 0.290, *) (0.290, 0.028, 0.192) (0.028, 0.290, 0.262) * Ë Ë
2001 Agua Caliente (0.108, 0.302, *) (0.302, 0.108, 0.610) (0.108, 0.302, 0.098) * X Ë
2004 Ignacio Zaragoza Belén (0.130, 0.318, 0.740) (0.318, 0.130, 0.558) (0.130, 0.318, 0.044) X X Ë

2005 Boquilla Santa Rosa de
la Misión (0.024, 0.308, 0.538) (0.308, 0.024, 0.472) (0.024, 0.308, 0.006) X X Ë

2021 El Pinal (0.170, 0.072, 0.238) (0.072, 0.170, 0.552) (0.170, 0.072, 0.130) Ë X Ë
2025 Ensenada (Obs) (0.038, 0.252, 0.896) (0.252, 0.038, 0.532) (0.038, 0.252, 0.078) X X Ë
2036 Olivares Mexicanos (0.070, 0.356, *) (0.356, 0.070, 0.582) (0.070, 0.356, 0.018) * X Ë
2049 San Juan de Dios Norte (0.112, 0.144, *) (0.144, 0.112, 0.436) (0.112, 0.144, 0.092) * X Ë
2094 El Farito (0.014, 0.248, 0.796) (0.248, 0.014, 0.498) (0.014, 0.248, 0.014) X X Ë
2122 Real del Castillo Viejo (0.060, 0.254, 0.382) (0.254, 0.060, 0.544) (0.060, 0.254, 0.090) Ë X Ë
2077 La Misión (0.052, 0.364, 0.532) (0.364, 0.052, 0.494) (0.052, 0.364, 0.060) X X Ë
2114 Ejido Carmen Serdán (0.150, 0.286, 0.456) (0.286, 0.150, 0.474) (0.150, 0.286, 0.086) X X Ë

X represents that meteorological parameters are not affected by temperature and pressure. It shows independent
predictability. Ë represents that the meteorological parameters were influenced by temperature and pressure,
with the same predictability. * Data that could not be estimated because the time series formed did not have the
minimum data to apply the rescaled range technique and determine the fractal dimension and predictability
index. Equations (7)–(15).

For the analysis of windy days with Santa Ana and without Santa Ana winds, the
value of 0.4 is established as the limit or the value where the series begins to be considered
predictable, as proposed by Li et al. [31]. It was observed that temperature and pressure
control or impact the relative humidity parameter in the Sierra de Juárez and Ejido El
Porvenir stations, i.e., the pressure predictability index and the temperature predictability
index affect or vary in the same measure, but they are not predictable. This happens
when there are Santa Ana days. Otherwise, it happens with the days where there is no
Santa Ana event, where the relative humidity is very predictable in most stations and the
predictability index of the relative humidity is controlled by the predictability index of
temperature and pressure. In other words, the relationship between temperature, pressure,
and relative humidity is only maintained in the two stations already mentioned for the two
cases presented.
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Table 6. Climate predictability index for days without Santa Ana winds and correlation between
meteorological parameters.

Stations Days without Santa Ana Winds Impact by Temperature and
Pressure

Code Name PICR = (PIT, PIP, PIR) PICH = (PIT, PIP, PIH) PICW = (PIT, PIP, IPW) PICR PICH PICW

2035 Ojos Negros (0.852, 0.504, 0.454) (0.852, 0.504, 0.650) (0.852, 0.504, 0.328) Ë Ë X
2066 Sierra de Juárez (0.904, 0.588, 0.380) (0.904, 0.588, 0.692) (0.904, 0.588, 0.350) X Ë X
2079 El Alamar (0.852, 0.528, 0.448) (0.852, 0.528, 0.646) (0.852, 0.528, 0.336) Ë Ë X
2118 Valle San Rafael (0.856, 0.502, 0.444) (0.856, 0.502, 0.654) (0.856, 0.502, 0.318) Ë Ë X
2164 Ejido El Porvenir (0.926, 0.636, 0.360) (0.926, 0.636, 0.710) (0.926, 0.636, 0.350) X Ë X
2001 Agua Caliente (0.836, 0.466, 0.496) (0.836, 0.466, 0.732) (0.836, 0.466, 0.352) Ë Ë X

2004 Ignacio Zaragoza
Belén (0.854, 0.562, 0.492) (0.854, 0.562, 0.644) (0.854, 0.562, 0.304) Ë Ë X

2005 Boquilla Santa Rosa
de la Misión (0.802, 0.644, 0.532) (0.802, 0.644, 0.500) (0.802, 0.644, 0.294) Ë Ë X

2021 El Pinal (0.858, 0.512, 0.436) (0.858, 0.512, 0.650) (0.858, 0.512, 0.312) Ë Ë X
2025 Ensenada (Obs) (0.820, 0.620, 0.510) (0.820, 0.620, 0.550) (0.820, 0.620, 0.306) Ë Ë X
2036 Olivares Mexicanos (0.814, 0.618, 0.520) (0.814, 0.618, 0.552) (0.814, 0.618, 0.300) Ë Ë X

2049 San Juan de Dios
Norte (0.874, 0.536, 0.398) (0.874, 0.536, 0.666) (0.874, 0.536, 0.318) X Ë X

2094 El Farito (0.816, 0.62, 0.512) (0.816, 0.620, 0.548) (0.816, 0.620, 0.304) Ë Ë X

2122 Real del Castillo
Viejo (0.810, 0.624, 0.520) (0.810, 0.624, 0.528) (0.810, 0.624, 0.316) Ë Ë X

2077 La Misión (0.798, 0.644, 0.526) (0.798, 0.644, 0.490) (0.798, 0.644, 0.292) Ë Ë X

2114 Ejido Carmen
Serdán (0.826, 0.588, 0.500) (0.826, 0.588, 0.596) (0.826, 0.588, 0.288) Ë Ë X

X represents that meteorological parameters are not affected by temperature and pressure. It shows independent
predictability. Ë represents that the meteorological parameters were influenced by temperature and pressure,
with equal predictability.

Wind speed is unpredictable whether it is the Santa Ana or non-Santa Ana season.
However, for the Santa Ana season, both the pressure, temperature, and wind speed become
unpredictable and exhibit an apparent correlation. This is a logical observation since these
variables are characteristics of the Santa Ana phenomenon. Otherwise, it happens in the
non-Santa Ana period, where the predictability indices of pressure and temperature are
very predictable but the predictability index of wind speed is not, so they are not closely
related, reflecting that speed is an independent variable from the others in conditions where
it is not associated with a climatic phenomenon.

In the case of rain, despite not being a relevant variable associated with the Santa Ana
phenomenon, on days without Santa Ana winds, it shows a relationship with temperature
and pressure, as the three values are predictable. For days with Santa Ana winds, this
relationship is only maintained in five of the evaluated stations.

The previous analysis was complemented by a correlation matrix developed for
conditions of the occurrence and non-occurrence of days with Santa Ana winds for the
predictability indices of the variables under study, as shown in Figure 3, in which some
of the relationships shown by the fractal analysis of the same are verified. The analysis
was complemented by the spatialization of the predictability indices of the variables used,
which will be discussed in detail in the next subsection.

4.2.2. Correlation Matrix Predictability Index

Two correlation matrices were generated for the two study cases, where light colors
correspond to positive correlations and dark colors to negative correlations. The Pearson’s
method was used because it can quantify the linear relationship between stationary time
series, such as those studied [44,45], which is observed in the correlations obtained for the
two scenarios.

The ranges used to measure correlation degree are shown in Table 7.
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Figure 3. Correlation matrix for predictability indices for the time series made up of days with Santa
Ana winds.

Table 7. Ranges of correlation coefficient.

Range Type of Correlation

±0.00 → ±0.09 Null
±0.10 → ±0.19 Very weak
±0.20 → ±0.49 Weak
±0.50 → ±0.69 Moderate
±0.70 → ±0.84 Significant
±0.85 → ±0.95 Strong
±0.96 → ±1.00 Perfect

In the previous correlation matrix, altitude shows a significant negative correlation
with PIP and IPH for days with Santa Ana winds, with PIT and PIW being positive but
moderate. As for the PIP, with respect to PIR, it is weak, and with the PIT , it is null,
confirming the relationship shown by the PICR as shown in Figure 4. A similar case occurs
for the relative humidity, reflecting what is shown by the PICH , leaving open the possibility
that the weather stations where there is a relationship between the predictability indices of
relative humidity, temperature, and pressure, and between precipitation, temperature, and
pressure, depends on other factors, such as the station’s geographical location and altitude.
For PIW , the relationship is moderate with respect to PIP and is negative, while, with PIT ,
it is very weak.

The altitude for Santa’s windless days shows a weak correlation with PIP and moder-
ate with PIRn, but negative, while, with PIT and PIH , it is moderate but positive. As for
PIP with PIR, they exhibit a weak but positive and perfect but negative relationship with
PITT. The PIH and the PIT have a significant and positive relationship, while, with the PIP,
it is negative and moderate. The PIW has a negative and weak correlation with the PIP,
while, with PIT , it is positive and significant.
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Figure 4. Correlation matrix for predictability indices for the time series made up of days without
Santa Ana winds.

4.3. Geospatialization

Below are the maps obtained from the spatialization of the Hurst exponent and the
predictability index for the variables of temperature, pressure, relative humidity, and wind
speed for the conditions with Santa Ana winds and in the absence of Santa Ana winds.

To complement the analyses from the geospatialization of the Hurst exponents of the
climatic variables under study, a correlation analysis was carried out for the two seasons
analyzed, i.e., for the series that represent the Santa Ana winds season (Figure 5) and for
the series that do not involve this condition (Figure 6). In these matrices, when referring
to pressure, we refer to the exponent values of Hurst of the pressure; the same goes for
temperature, relative humidity (RH), rainfall (precipitation), and Ws, the Hurst exponent
of the wind speed.

In Figure 7, maps of the Hurst exponent are shown for the time series made up of days
with Santa Ana winds. In this figure, it is observed that the temperature variable presents
the lowest Hurst values and it tends to have an anti-persistent behavior throughout the
basin. The El Pinal station is located in one of the highest areas (masl) of the basin and
there are low values in it, in contrast to the Sierra Juárez station, the highest point (masl) of
the basin, but the Hurst exponents estimated here are higher. From the correlation matrix
in Figure 5, it is determined that the altitude has no correlation with the Hurst values for
the temperature series. For pressure, the highest values of the Hurst exponent occur in
the lower part of the basin; there is an inverse correlation between altitude and longitude.
This would explain why, in the analysis, the Sierra Juárez and Ejido Porvenir stations show
the lowest values in the basin. In the case of relative humidity, the opposite happens with
pressure: the lowest values are found in the Sierra de Juárez station, being the place with
the highest altitude in the basin. The highest Hurst values for this variable are found in
low-altitude areas and in the Guadalupe Valley sub-basin.



Atmosphere 2022, 13, 48 16 of 23

Figure 5. Correlation matrix of Hurst exponents for the time series made up of days with Santa
Ana winds.

Figure 6. Correlation matrix of Hurst exponents for the time series made up of days without Santa
Ana winds.
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Figure 7. Maps of the Hurst exponent for the time series made up of days with Santa Ana winds and
for the variables of (a) temperature, (b) pressure, (c) relative humidity, and (d) wind speed.

For wind speed, the Sierra de Juárez station is the one that presents the highest value
of the Hurst exponent; however, the El Pinal and San Juan de Dios Norte stations present
low Hurst values, despite being located in a high area of the basin. Therefore, it can be said
that there is no clear relationship between wind speed and altitude.

In Figure 8, maps of the Hurst exponent are presented for the time series made up
of days without Santa Ana winds. As shown in the matrix in Figure 6, temperature has a
positive relationship with altitude. In the highest area, where the Sierra de Juárez station is
located, the highest values of the Hurst exponent are shown; likewise, the lowest values of
said exponent are found in the lowest area of the basin, corresponding to the Mission sub-
basin. The temperature series is persistent, with high values close to 1. The analyses of the
correlation matrix in Figure 6 also show that the temperature has a significant correlation
with the relative humidity variable. In the case of the exponent values for pressure, the
highest values occur in the lower parts of the basin or at lower altitudes (masl), i.e., there is
a weak and inverse correlation between these parameters; in the same way, it maintains
this relationship with the length. For relative humidity, the relationship is positive with
respect to altitude, i.e., the highest values correspond to the highest areas of the basin. This
relationship is the same for relative humidity with longitude. In the case of wind speed,
the correlation with altitude is weak and positive, while the relationship with longitude is
positive and significant, which can explain the high values in the eastern part of the basin.
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Figure 8. Maps of the Hurst exponent for the time series made up of days without Santa Ana winds
and for the variables of (a) temperature, (b) pressure, (c) relative humidity, and (d) wind speed.

From the above, we can affirm that the Santa Ana winds modify the relationships
between the variables and the geographical characteristics of the seasons, i.e., during
the normal days of the year, the pressure has an inverse relationship with longitude and
altitude, but the longitude increases when there are Santa Ana winds. For relative humidity,
it is found that the relationship becomes inverse during the Santa Ana season; in the
case of temperature and wind speed, the degrees of relationship that existed at the time
without Santa Ana winds fell until they were null or very weak, which is evident since
these variables are the ones that reflect the largest changes from one season to another.

From Figure 9, for temperature, it is observed that there is a positive and moderate
relationship with respect to altitude. It is observed that the highest values correspond to the
Sierra Juárez, El Pinal, and San Juan de Dios Norte stations. For the values of the pressure
predictability indices, there is an inverse correlation with altitude, and the lowest values
are found in the stations mentioned above. Regarding the predictability index of relative
humidity, the relationship with altitude is also inverse but weak; the map shows that the
highest values are in the middle basin, corresponding to the Valle de Guadalupe sub-basin;
meanwhile, the relationship between the length and the predictability index of the relative
humidity is also inverse but significant. The highest values of the Hurst exponent when
analyzing the wind speed series are presented in the stations of Sierra Juárez and Ejido el
Porvenir. The relationship between wind speed and altitude is generally moderate and
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positive, as it is with longitude, this being more a significant relationship. Thus, when
reviewing the correlations of pressure and temperature with respect to relative humidity,
from the correlation matrix (Figure 3) and from the predictability analysis (Table 5), it is
found that the relationship is null with temperature and weak with pressure in the stations
in which the influence of said variables is presented, due to their geographic location
parameters. Meanwhile, for wind speed, the relationship with temperature is weak and
positive. In the case of pressure, it is negative and moderate.

Figure 9. Maps of the predictability index for days with Santa Ana winds for the variables of (a)
temperature, (b) pressure, (c) relative humidity, and (d) wind speed.

In Figures 4 and 10 and Table 6, temperature shows a positive relationship with
altitude, where the highest values of the predictability index are found in the areas where
the Sierra de Juárez and Ejido el Porvenir stations are located. It should be noted that the
Ejido el Porvenir station is located at a lower elevation than the Sierra de Juárez station;
nonetheless, they present similar values for the predictability index. This may be due to
the high correlation between longitude and temperature. For pressure, there is a weak
and inverse relationship with altitude, evidenced in that the highest values of the pressure
predictability index are in the La Misión, Boquilla de Santa Rosa de La Misión, and Ejido el
Porvenir stations. The lowest values of the pressure predictability index are found in the
upper parts of the basin, such as the El Pinal station. From the correlation matrix (Figure 3),
it can be seen that, for relative humidity, the relationship is moderate with respect to
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altitude, and positive, as observed in Figure 9, where the lowest ranges correspond to the
lower part of the basin and the highest to the highest part of the basin. For wind speed,
the relationship with altitude is positive but weak, although predictability is lower in the
Mission and higher in Sierra de Juárez. Agua Caliente, a station with an intermediate
height, has a predictability equal to that of Sierra de Juárez.

Figure 10. Maps of the predictability index for days without Santa Ana winds for the variables of (a)
temperature, (b) pressure, (c) relative humidity, and (d) wind speed.

5. Conclusions

The following conclusions were established from the fractal analysis by estimating the
Hurst exponent and the climatic predictability indices.

The rescaled range method was adequate to evaluate the fractality of the time series
that represent the conditions of occurrence of the Santa Ana winds and for the series
that represent the days on which said phenomenon does not occur. From the estimation
of the Hurst exponent, it was possible to characterize the time series of the variables of
temperature, precipitation, pressure, relative humidity, and wind speed in terms of the
characteristics of persistence, anti-persistence, or randomness.

When there are phenomena that alter the climate of an area, such as the Santa Ana
winds, the interaction and behavior of the climatic variables in its environment can be modi-
fied regarding the conditions that occur or are normally recorded, e.g., when performing the
fractal analysis of a specific variable, we can have predictable characteristics and persistent
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behaviors; nonetheless, this can change when performing the same analysis in periods
of occurrence of Santa Ana events, as is the case of wind speed, which, during periods
with Santa Ana events, exhibits anti-persistent behavior in most seasons but persistent and
predictable during the months when there are no Santa Ana events.

This also happens for the temperature, or, in more specific cases, such as the Ejido el
Porvenir and Sierra de Juárez stations, where the pressure changes from being persistent on
normal days to being anti-persistent for days with Santa Ana winds, or the predictability of
wind speed in Sierra Juárez and Ejido el Porvenir, where the wind behavior is unpredictable
and independent of the season, whether or not there is a Santa Ana wind event. This leads
us to conclude that the index can be used as a discriminant in determining which stations
can be selected for use in developing regional climate models.

The analysis of the correlation matrices allows us to understand the relationships
of the climate dynamics in an area and how these correlations can change in relation to
different seasons, e.g., the relationship between the predictability index of relative humidity
and speed remains independent of the segmentation analysis (whether Santa Ana condition
exists or not) but relative humidity and altitude change from a positive relationship in
normal conditions to an inverse relationship on days with Santa Ana winds.

It is recommended to conduct studies in which the criterion of relative humidity < 10%
is utilized for the identification of the condition of the Santa Ana winds.

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 of the days on which the Santa Ana winds occur in said basin in order to
mitigate the negative consequences that can be generated, e.g., fires and droughts.
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