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Abstract: We studied cosmic ray intensity variations in the whole database of the Mexico City neutron monitor
station from 1990 to 2013 using wavelet transforms to determine the power density function and its time
evolution, with which we have identified the mid- and long-term variations present in the registers. We give the
corresponding confidence levels for the periodicities found and their relative contribution to the total power of
such variations. We also performed a fractal analysis of thetime series to identify its intrinsic variations and long-
term persistency. Consistent results were found with both kinds of analysis. As a reference, we compare these
results with those of classical Fourier analysis based on the discrete Fourier transform.
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1 Introduction
The Mexico City 6-NM-64 neutron monitor (19.33oN,
260.80oE, 2274 m.a.s.l., 8.2 GV) has been in continuous
operation since 1990. It is one of the few mountain location
NM’s which has a high vertical rigidity cutoff. During its
life span it has been able to register the galactic cosmic ray
intensity for almost two full solar cycles. Therefore, it isin-
teresting to analyze the instrument’s signal in order to find
out what mid- and long-term periodicities it contains. Stud-
ies of the signal’s high frequencies have already been car-
ried out (Caballero and Valdés-Galicia 2001, 2003), which
revealed periodicities of 78, 58, 39, 30 and 28 days for the
epoch 1992-1994, of 67, 38 and 30 days over 1995-1996
and of 111, 58, 42, 35, 30 and 26 days over 1997-1999,
but at that time the instrument’s time series was not long
enough to study the mid- and long-term periodicities.

Table 1. Significant oscillation modes found on the
Fourier transform fit of the Mexico City neutron

monitor monthly average counts from January 1990 to
February 2013 ordered by amplitude

Nr. Amplitude Frequency Period Phase
[%] [cycles/year] [years] [years]

1 3.03 0.08 12.33 0.28
2 0.75 0.26 3.90 0.82
3 0.58 0.36 2.81 0.24
4 0.58 0.43 2.31 0.97
5 0.48 0.58 1.72 0.72
6 0.48 0.99 1.01 0.74
7 0.41 0.65 1.53 0.15
8 0.37 0.80 1.25 0.62
9 0.24 1.62 0.62 0.50

2 Data
We used the Mexico City neutron monitor’s daily
pressure corrected counts (Fig. 1), available from
www.cosmicrays.unam.mx, and their monthly ave-
rages from 1 January 1990 to 28 February 2013.
We eliminated registers where Forbush decreases o-
ccurred and also when the geomagnetic Kp index
had a daily value higher than 40. Kp index values
were downloaded from the NGDC-NOAA ftp site
(ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETICDATA/INDICES/KP AP/). All
gaps in the time series, original or produced, were inter-
polated using a cubic spline fit. All counts were converted
to % with respect to the mean daily counting rate over
the time span from 1 January 1992 to 28 February 2013,
which is 18,090,721.94 counts/day.

3 Method
3.1 Wavelet Analysis
In order to analyze local variations of power within a
single non-stationary time series at multiple periodicities
we apply the wavelet method using the Morlet function
(Torrence and Compo 1998). The Morlet wavelet function
consists of a complex exponentialeiω0t/se−t2/(2s)2, where
t is the time,s is the wavelet scale andω0 is the non-
dimensional frequency. Here we useω0 = 6 in order to sat-
isfy the so-called admissibility condition (Farge 1992). Tor-
rence and Compo (1998) have defined the wavelet power
|WX

n (S)|2, whereWX
n (S) is the wavelet transform of a time

seriesX andn is the time index.
We estimate the significance level for each scale using only
values inside the cone of influence (COI). The COI is the
region of the wavelet spectrum out of which edge effects
become important and is defined here as the e-folding time
for the autocorrelation of wavelet power at each scale. This
e-folding time is chosen so that the wavelet power for a dis-
continuity at the edge drops by the factore−2 and ensures
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Figure 1: The Mexico City neutron monitor daily counts from 1 January1990 to 28 February 2013.

that the edge effects are negligible beyond this point (Tor-
rence and Compo 1998).
The wavelet power spectral density was calculated. An ap-
propriate background spectrum is either the white noise
(with a flat power spectrum) or the red noise (increasing
power with decreasing frequency). We calculate the signif-
icance levels in the global wavelet spectra with a simple
red noise model (Gilmanet al. 1963). We only take into
account those periodicities above the red noise level.
We also include the global spectra in the wavelet plots,
which is an average of the power of each periodicity inside
the COI (e. g.Valdés-Galicia and Velasco 2008). The un-
certainties of the peaks on the global frequency spectra are
obtained from the peak full-width at the half-maximum of
the peak.

3.2 Fractal analysis
Time series can be characterized by a non-integer (fractal)
dimension when treated as random walks or self-affine pro-
files. Self-affine systems are often characterized by their
roughness, which is defined as the fluctuation of the height
over a length scale. For self-affine profiles, the roughness
scales with the linear size of the surface by a parameter
called the Hurst exponentH, which tells the relative ten-
dency of a time series either to regress strongly to the mean
or to cluster in a direction (Turcotte 1992).

The strength of the trend and the noise level can be mea-
sured by analyzing the ratioR/S, whereR indicates the
range andS the standard deviation of the observed values,
on a time scale in terms ofH; specifically, whenH is above
0.50 (Hurst, 1951). A value of 1< H < 1.50 results in a
fractal dimensionDs nearby to a line. A persistent time se-
ries results in a smooth line, with fewer peaks than a ran-
dom walk. Antipersistent series with 0< H < 0.50 have a
higherDs. TheH exponent andDs are related asDs = 2−
H (Voss 1988).
Our fractal analysis calculations were performed using the
Benoit 1.31 software.

Figure 2: Discrete Fourier transform fit for the 1992-2013
monthly averages. Residuals = 0.5195.

4 Results
To have a reference for the periodicities to be found via
the wavelet and fractal analysis, we performed first a clas-
sical Fourier analysis based on the discrete Fourier trans-
form using the Period04 V. 1.2.0 software, which is a com-
puter program especially dedicated to the statistical analy-
sis of large astronomical time series, possibly containing
gaps, and has become a standard tool in the study of vari-
able stars (Lenz and Breger 2005). Such analysis of the
detector’s monthly averages yielded 9 significant oscilla-
tion modes on the period 1992-2013, whose added curve
is shown in Fig. 2 superimposed on the monthly averages.
We cut the first two years of data because the great cosmic
ray minimum of June 1991 produces a very strong interfer-
ence that affects the whole frequency spectrum. This phe-
nomenon is made clear in the wavelet analysis (Figs. 3 and
4). The aforementioned oscillation modes are described in
Table 1.
The global frequency spectrum (GFS) of the same time
series (Fig. 4, right pannel) shows several peaks above the
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Figure 3: Morlet wavelet spectrum of the 1990-2013
monthly averages. The great cosmic ray minimum of 1991
produces interference in the global spectrum. The lower
bar indicates relative power. The GFS is shown on the right
pannel.

red noise level that correspond to significant periodicities
(Table 2). A further increase, which clearly corresponds to
the periodicity of 12.33 yr, lies above the red noise level,
but falls outside the COI because the time series is not long
enough to contain at least two of such oscillations.

Figure 4: Morlet wavelet spectrum of the 1992-2013
monthly averages. Two clear regions around 1993 and
2008 may indicate the presence of a∼5.5 yr periodicity.
The lower bar indicates relative power. The GFS is shown
on the right pannel.

Thus, the oscillation modes of 12.33, 3.90, 2.81, 1.72, 1.01
and 0.62 yr found in the Fourier analysis (Table 1) are im-
mediately validated by the GFS. Furthermore, the period-
icities of 2.31, 1.53 and 1.25 yr in Table 1 lie all above
the red noise level on the GFS curve, which also validates
them.
The wavelet analysis of the whole time series from 1 Jan-
uary 1990 to 28 February 2013 yields just three significant
periodicities, namely, 4.2± 0.4, 2.79± 0.1 and 1.6± 0.2
yr (Fig. 3). The effect of the great cosmic ray minimum
of 1991, a high-frequency transient event in such a long
time series, clearly produces an inteference that modifies
the shape of the spectrum.
Finally, the fractal spectra of the daily and monthly time se-
ries (Figs. 5 and 6, resp.) show each around 10 significant

peaks corresponding to the periodicities described in Table
3. The algorithm breaks down shortly after the peak corre-
sponding to the period of 5.3 yr, which makes it unable to
validate the periodicity of 12.33 yr, but all the other period-
icities listed in Table 1 get validated once more. Thus, we
see that all three methods produce consistent results.

Table 2. Oscillation modes found on the global
frequency spectrum of the Mexico City neutron

monitor monthly average counts from January 1990 to
February 2013

Nr. Period Error
[years] [years]

1 3.8 0.4
2 3.0 0.4
3 1.8 0.1
4 1.0 0.2
5 0.7 0.1

5 Discussion
The 12.33 yr periodicity found in the Fourier spectrum cor-
responds clearly to the fundamental∼11 yr solar oscilla-
tion mode. The periodicities of 3.9 and 2.81 yr are inter-
preted as the third and fourth harmonics of the 11 yr peri-
odicity (Polygiannakiset al.2003), though the second har-
monic of∼5.5 yr is absent. This could be explained by the
fact that this periodicity seems to be stronger on the decay-
ing phases of solar cycles, and these fall outside of the COI
in the wavelet spectrum (see Fig. 4).

Table 3. Significant periodicities found on the fractal
spectrum of the daily and monthly time series of the

Mexico City neutron monitor from 1992 to 2013

Nr. Daily Monthly
[years] [years]

1 5.3-3.5 5.3-3.5
2 3.04 3.04
3 2.7 2.6
4 2.4 2.4
5 1.8 1.8
6 1.6 1.6
7 1.4 1.4
8 1.2 1.1
9 1.1 1.03
10 0.7 0.78
11 - 0.74

The 2.3 yr periodicity may be identified as a quasi-biennial
oscillation (QBO), one of the proposed fundamental solar
dynamo oscillation modes (Benevolenskaya 1998, 2000),
and thus the periods of 1.01 and 0.62 yr could be inter-
preted as its second and third harmonics, although the pe-
riodicity of 1.01 yr may also correspond to a reported 0.97
± 0.06 yr independent solar oscillation (Polygiannakiset
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Figure 5: Fractal power spectrum of the 1992-2013 daily
counts. Hurst exponent = 0.250.

al. 2003).

The 1.72 yr periodicity clearly corresponds to the well-
known 1.68 yr cosmic ray variation (Valdés-Galiciaet al.
1996), which seems to be closely related with phenom-
ena rooted in the convection zone of the sun and are re-
flected in the meridional circulation of sunspots and high
latitude meridional motions (e.g.Valdés-Galicia and Men-
doza 1998).

Figure 6: Fractal power spectrum of the 1992-2013
monthly averages. Hurst exponent = 0.228.

The 1.53 yr period can be identified with a reported mid-
term periodicity found in the coherence spectrum between
high frequency time series of sunspots and open solar mag-
netic flux (Vald́es-Galicia and Velasco 2008). Finally, the
1.25 yr period, apparently merged with the 1.01 yr one be-
cause of their similar phases and the shape of the corre-
sponding peak in the GFS (Fig. 4), may correspond to one
and the same oscillation mode which possesses a particu-
lar evolution in time (Polygiannakiset al. 2003). This os-
cillation mode could be interpreted as the 1.3 yr periodicity
detected in the equatorial solar rotation rate at the base of
the convection zone (Howeet al.2000) which is present in
various solar activity, solar wind and geomagnetic indices
(e. g.Krivova and Solanki 2002).

6 Conclusions
1. The signal of the Mexico City neutron monitor over

the time span from January 1990 to February 2013
contains the following significant mid- and long-
term periodicities: 12.33, 3.90, 2.81, 2.31, 1.72, 1.53,
1.25, 1.01 and 0.62 yr.

2. Of the above-mentioned periodicities, only the ones
of 12.33, 2.31, 1.72 and 1.53 yr seem to be funda-
mental and associated with well-identified solar phe-
nomena. The nature of the 1.01 and 1.25 yr oscilla-
tions needs to be further clarified. The rest are most

probably harmonics of the 12.33 and 2.31 yr periodi-
cities.

3. A longer time series may reveal a periodicity of
∼5.5 yr, not present in the calculated spectrum be-
cause its support falls outside the cone of influence
due to its relative weakness in the most part of the
series.
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