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THE ATMOSPHERIC PRESSURE EFFECT ON MUON DATA
NORMALIZATION BY SPECTRAL ANALYSIS STUDIES

Nivaor Rodolfo Rigozo and Adriano Petry

ABSTRACT. This paper presents a study of the atmospheric pressure effects on ground cosmic ray muon time series, using the iterative regression spectral analysis
method. Along the study, it was observed that the 34 periods present in the atmospheric pressure amplitude spectrum are present in the muon data amplitude spectra as
well. It was concluded that the normalization of muon data is only efficient for periods shorter than nine days, in order to eliminate the atmospheric effects.
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RESUMAO. Este artigo apresenta um estudo dos efeitos da pressdo atmosférica nas series temporais de raios cosmicos, usando a metodologia da analise espectral pela
iteracdo regressiva. Foi observado um total de 34 periodicidades presentes no espectro de amplitude da pressao atmosférica que também estéo presentes no espectro de

amplitude dos dados de muons. Conclui-se que a padronizagdo dos dados de muons para eliminar os efeitos da pressdo atmosférica é eficiente somente para periodos
abaixo de 9 dias.
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INTRODUCTION

During the last years, the “space climate” research has been re-
ceiving special attention all over the world, due to the attempt of
better understanding the physical phenomena generated in the
Sun, their consequences in the interplanetary environment, and
mainly on the Earth. Attention has been given to phenomena such
as the solar wind interaction with the Earth’s magnetic field, vari-
ations in the particle flow and energy that occur in the Sun and
their consequences to the Earth’s atmosphere and climate (Hoyt
& Schatten, 1997). Studies of the space climate, aim the collec-
tion of data to forecast the phenomena occurring in the Sun and
the Earth’s magnetosphere. Among the main solar phenomena,
the Coronal Mass Ejections (CME) are the main causes of intense
magnetic storms on Earth (Gosling et al., 1990, 1991).

CMEs are plasma eruptions from the Sun’s outer atmosphere,
in areas of closed magnetic field lines that are expelled into the
interplanetary environment. Such areas, and the shocks they may
generate, cause pronounced effects on the galactic cosmic rays’
density, both locally, in the Earth’s proximity or at considerably
long distances within the heliosphere, exceeding 1 Astronomical
Unit (149 597 870 km). These effects on the energetic particles
often may be used to identify CMEs in the interplanetary envi-
ronment, where they are called “interplanetary ejections” (Cane,
2000; Munakata et al., 2005; Subramanian et al., 2008; Kane,
2010; Kane, 2011; Dragic et al., 2011). Thus, the cosmic rays
(through their secondary components) become important evi-
dences of the CME presence trending towards the Earth. Since
the cosmic rays travel at the speed of light, they reach the Earth
much earlier than the CMEs, and it is possible to forecast the
occurrence of a geomagnetic storm (Kane, 2010; Kane, 2011).

One of the secondary components of the cosmic rays are the
Muons. They are high energy particles originated from the inter-
action of high energy protons of the cosmic radiation in the Earth’s
atmosphere. Their formation and propagation in the atmosphere
depend on the atmospheric pressure and temperature. According
to Pomerantz & Duggal (1971) the daily cosmic radiation vari-
ations are caused by the atmospheric variations. Thus, pressure
and temperature effects cause the main interference in the study of
the primary cosmic radiation’s intensity of variations. They cause
the air masses variations to produce variations in the detected cos-
mic rays flow (Simpson et al., 1953; Dorman & Yanke, 1975).
Owing to such effect a correction procedure of the atmospheric
effects (pressure and temperature) on cosmic rays data has to
be adopted (Kane, 2011; Kurguzova & Charakhchian, 1979; Da
Silva et al., 2007). Such correction, or normalization, removes
the atmospheric effects (pressure and temperature) through the

equation:

% _ BAp+ / a(h)AT(h)dh (1)

where Ap is the atmospheric pressure variation and AT is the
temperature variation as a function of the 4 altitude. The first term
of the equation represents the barometric effect, where 3 is the
barometric coefficient. The second term of the equation repre-
sents the temperature effects, where « is the temperature coef-
ficient which is dependent on the altitude (Bercovitch, 1967).

This article presents a study of the muon time series (2006-
2010) through the iterative regression spectral analysis method
in order to verify if the effect of the atmospheric pressure, rep-
resented by the first term to the right in Equation (1), is actually
being removed in the muon data.

METHODOLOGY
All used data from the secondary component of the cosmic radi-
ation (muons) were measured by the muon scintillator telescope
installed in S3o Martinho da Serra—Brazil (29.3°S, 53.5°W, with
magnetic rigidity of approximately 14GV), at the Observatrio Es-
pacial do Sul (Southern Space Observatory) — OES/CRSPE/INPE,
financed by the NSF — National Science Foundation from the
United States, through the Bartol Institute (Newark), by the Uni-
versity of Nagoya from Japan, and the by Brazilian government.
The muon time series and pressure used during this work
was from December 1, 2006 throughout September 18, 2010. In
this study only the daily averages of the gross data were used
(Fig. 1), and the normalized data, for the atmospheric pressure
expressed by Equation (1) (Fig. 2) in the Vertical, North, South,
East, West, Northwest, Northeast, Southwest and Southeast direc-
tions. The 3 values used for the barometric normalization (pre-
sented in Equation (1)) of the muon data are shown in Table 1.
The iterative regression spectral analysis method was adopted
inthis study in search of the periodicities present in the muon time
series and pressure. The iterative regression method uses a sim-
ple sine function with three unknown parameters: a, = ampli-
tude, a1 = frequency and ao = phase (Wolberg, 1967; Rigozo
gt al., 2005). The method’s initial step is the conditional function
definition that is:

F =Y + agsin(ait + az) (2)

where Y is the signal (time series), ¢ is the time and a,,, a1 and
as are the three parameters to be determined. Two hundred was
the maximum number of iterations used to determine the three
parameters (Rigozo et al., 2005). This method determines each
parameter’s standard deviation and this is one of its advantages.
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Figure 1—Time series of the muon detector’s daily average (non normalized data) for channels: Vertical, North,
South, East, West, Northwest, Northeast, Southwest, Southeast and Pressure from 2006 to 2010.
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Figure 2 — Time series of the muon detector’s normalized daily average for channels: Vertical, North, South,
East, West, Northwest, Northeast, Southwest, Southeast and Pressure from 2006 to 2010.
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Table 1 — Correlation of the atmospheric pressure periodicities with the muon data (non normalized) for channels: Vertical, North,

South, East, West, Northwest, Northeast, Southwest, Southeast.

Periods | East | North | Northeast | Northwest | South | Southeast | Southwest | Vertical | West
374.00 | 068 | 085 0.83 - - 0.69 0.99 - -
108.25 | 064 | —0.66 | —0.61 -0.69 - -0.54 - -0.62 -
3484 | —0.63 - - -0.77 -0.61 - 0.54 -0.51 -
2819 | -098 | -095 | -093 -0.98 -1 - - -0.99 -1
2439 | 09 | -093 | -096 -0.78 -0.89 -0.95 - -099 | -0.72
2433 | 065 | 069 | -0.77 -0.64 -0.67 -0.79 - -089 | -0.56
23.75 -1 -1 - - -1 - - -1 -0.99
2325 | 093 | -092 | -095 -0.94 -0.96 -0.96 -0.51 -095 | -0.95
2319 | 088 | -094 | -092 -0.92 -0.93 -0.93 - -096 | -0.95
21.66 - -099 | -0.98 -0.98 -0.99 -0.98 - -099 | -0.99
2054 | —0.75 | —0.66 -06 -0.82 -0.87 -0.91 - -098 | -0.96
1898 | -0.99 | —0.99 -1 -0.99 -0.99 -0.99 - -1 -0.93
16.79 | -087 | -083 | -0.86 -0.74 -09 -0.86 - -09 | -062
15.86 | -0.98 | -098 | -0.98 -0.97 -0.97 -0.95 - -09 | -097
1417 | -0.76 - - - -0.77 - - - -0.61
1396 | -091 | -092 | -0.96 -0.91 -0.89 -0.94 - -089 | -0.88
1311 | 098 | -097 | -0.94 -0.76 -0.99 -0.95 - -099 | -0.78
1252 | =073 | -0.73 | -0.63 -0.74 -0.73 -0.62 - -0.76 | -0.83
1223 | -085 | -092 | -0.85 -0.98 -0.88 -0.84 - -0.79 | -0.98
169 | -097 | =097 | -0.97 -0.95 -0.96 -0.95 - -097 | -0.96
11.16 -1 -1 -0.99 -0.99 -0.99 -1 - -095 | -0.97
1076 | -099 | =097 | -0.94 -0.86 -0.95 -0.99 - -094 | -0.98
1059 | -0.95 | -0.94 -09 -0.95 -0.98 -0.98 - -098 | -0.98
1013 | -083 | -082 | -0.82 - -0.82 -08 - -0.83 -
9.51 -068 | -0.73 | -0.71 -0.78 -0.61 -0.64 - -0.62 -
939 | -0.77 | -0.78 -08 -0.81 -0.79 -0.84 - -097 | -0.78
863 | -096 | -096 | -092 -09 -0.85 -0.96 - -085 | -0.96
8.56 -08 | 08 -0.83 -0.87 -0.73 -0.77 - -0.73 | -0.82
77 -087 | -0.86 -09 -0.92 -0.88 -09 -0.65 -087 | -0.88
727 -09 | -087 | -091 -0.98 -0.92 -0.94 - -09 | -096
703 | 089 | -084 | -097 -0.95 -0.97 -0.93 - -097 | -0.97
6.11 -093 | -0.92 -09 -0.57 -0.55 -0.51 - -093 | -0.59
594 | -094 | -0.94 -09 -0.91 -0.95 -0.92 - -095 | -0.96
576 | -0.74 | -09 -0.97 -0.56 -0.99 - - -096 | -053

This allows selection of the most important amplitudes (above
95% of reliability), representing values greater than the ampli-
tude/standard deviation ratio.

RESULTS

Through the correlation among the channels, it is possible to
verify if the muon measurement channels are giving the same
answers to possible variations caused by physical phenomena.
Thus, the muon time series present a high correlation among the
Vertical, North, South, East, West, Northwest, Northeast, South-
west and Southeast channels, with a correlation coefficient vary-

ing from 0.88 to 0.98 for the raw data and the normalized data.
It is expected that each channel's spectral analyses practically
present the same results.

Figure 3 shows the amplitude spectrum of the atmospheric
pressure and the muon time series for the Vertical, North, South,
East, West, Northwest, Northeast, Southwest and Southeast chan-
nels with 95% of reliability. As expected, the spectra of each chan-
nel did not present significant differences.

Figure 4 shows the amplitude spectrum for the time series,
and also for the atmospheric pressure and the muon normalized
data for the Vertical, North, South, East, West, Northwest, North-
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east, Southwest and Southeast channels, with 95% of reliability.
In this case, significant differences in the spectra of each channel
were not observed also.

The 34 periodicities listed in Table 2 represent the signals
found in the atmospheric pressure time series, with reliability level
above 95%, and they are also present in the (non normalized)
muon data for all channels. Table 2, also shows the correlation
coefficients (r) for reconstruction of the periodic signals found
in the atmospheric pressure and the muon data (for all channels)
time series. It may be observed that the two time series present a
negative correlation; in other words, when the atmospheric pres-
sureincreases, detection of the muons decreases, for all channels.
This fact did not happen only during the 374 day-period, when
a positive correlation was observed for the channels. In order to
explain this positive correlation between the atmospheric pres-
sure and the muon data, one hypothesis could be that this annual
variation of pressure is due to orbital parameters (the Earth’s
translation movement), not to the atmospheric parameters.

Table 2 — The 3 values used in the barometric normalization in the muon data.

8 Direction
-0.12 vV
-0.12 N
-0.12 S
-0.11 E
-0.12 W
-0.11 NE
-0.12 NW
-0.11 SE
-0.12 SW

The periodicities of 4.97, 5.25 and 6.46 days (Fig. 3), repre-
sent the periodicities found in the muon data, with reliability above
95%, but that was not observed in the atmospheric pressure time
series with a significant reliable level (of 95%).

Table 3 shows the correlation cogfficients (r) for reconstruc-
tion of the periodic signals found in the atmospheric pressure and
the normalized muon data (for all channels) time series. In this
Table it may be observed that nine periodicities, highlighted by
the darker strip, that were present in Table 2, and that were due
to the pressure influence, may still be detected even after the nor-
malization by Equation (1). Twelve periodicities (highlighted in a
lighter strip) may be observed with a positive correlation coef-
ficient with the atmospheric pressure, in other words, increasing
the pressure, there is an increase of muon detection, and this goes

against the phenomenon’s physics that determines exactly the
opposite. This suggests that the normalization is inserting fre-
quency signals in the muon time series that do not really exist.

Comparing the periodicities found in the non normalized-
muon data (Fig. 3) with the periodicities found in the normalized
muon data (Fig. 4), some different aspects were observed among
them:

1) Itis clear that normalization through Equation (1) carries
out a filtering of the muon data, eliminating, “smoothing”,
and inserting some periodicities in the muon time series;

2) Elimination of the atmospheric pressure effects by normal-
ization of the muon data through Equation (1) is more ef-
ficient only for periods shorter than nine days. However,
for periods longer than that, the atmospheric pressure ef-
fects are not eliminated and, in addition, there is data
contamination with signals that were not present prior to
normalization;

3) The periodicities of 4.97, 5.25 and 6.46 days, which do
not correspond to atmospheric variations, were eliminated
from the muon data for all channels. This implies that nor-
malization may be eliminating possible physical phenom-
ena that are not atmospheric effects (such as the possi-
ble occurrences of coronal mass ejections that reached
the Earth).

The cosmic radiation intensity is not constant, it continually varies
for different time scales. Its flow incident on the Earth’s atmo-
sphere is basically modulated by three processes: 1) Variations
of the solar wind within the heliosphere (with time scale 10 to
1,000 years); 2) Variations of the Earth’s magnetic field (100-
10,000 years); 3) Variations of the interstellar flow outside the
heliosphere (>106 years) (Kirkby et al., 2004).

Variations with short periods of time and with a terrestrial
origin are called seasonal and diurnal variations, caused by dif-
ferences in the Earth’s atmospheric structure between the winter
and summer seasons, and between the day and night (Dorman,
2004; Da Silva et al., 2004; Vieira et al., 2012). Other variation
of the cosmic radiation, with a climatic origin, but with glacial
periods, is due to orbital parameters. Though this mechanism is
still not yet proven, it demonstrates the cosmic radiation variations
with 100,000 year-cyclicity. Other mechanisms may be associated
to the geodynamo’s orbital modulation, therefore, modulating the
intensity and direction of the geomagnetic field, and/or the corre-
lations of orbital parameters with the solar wind in the heliosphere
(Kirkby et al., 2004).
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Table 3 - Correlation of the atmospheric pressure periodicities with the (normalized) muon data for channels: Vertical, North, South,

East, West, Northwest, Northeast, Southwest, Southeast.

Periods | East | North | Northeast | Northwest | South | Southeast | Southwest | Vertical | West
110627 | 097 | 097 0.96 0.9 0.96 0.99 0.7 0.99 -
374.00 | 098 | 0.99 0.99 0.97 0.96 0.98 0.99 0.98 0.95
361.76 1 0.98 0.99 0.97 0.96 1 - - -
108.25 - -0.61 -0.71 - - - - - -
97.53 094 | 093 0.93 0.54 0.96 0.92 0.61 0.95 0.71
79.51 - 0.52 0.61 0.96 - 0.89 0.94 - 0.95
69.21 0.56 - 0.76 0.75 - 0.76 0.78 -0.55 0.6
44.29 062 | 065 0.62 0.6 0.63 0.65 0.66 0.64 0.57
2895 | —0.74 | -065 | -062 -0.64 -0.77 -0.82 -0.77 -0.75 | -08
26.09 099 | 073 0.97 0.67 0.89 0.99 0.82 0.59 -
2325 | —0.55 - - -0.57 -05 - -0.53 -0.7 -
23.19 - - - - - - - -0.68 -
20.92 087 | 056 0.55 - 0.78 0.77 - 0.67 0.65
20.54 - -0.82 - -0.51 - - -08 -0.82 -
15.49 0.76 - 0.76 - 0.79 0.76 - 0.86 -
15.45 083 | 097 0.92 0.54 0.86 0.93 - 0.92 -
1455 - - - - - - - -0.54 -
1417 - - - 0.51 0.55 0.53 0.56 - 0.99
1312 | -085 | -082 | -0.53 - -0.86 -0.75 - -0.99 -
1311 | 087 | -0.77 | -053 - -0.93 -0.77 - -0.97 -
12.92 06 0.7 0.62 - 0.96 0.66 0.57 - 1
1223 | -0.75 | -069 | -0.53 -0.86 -0.79 -08 -0.93 -061 | =087
17 | -074 | -063 | -064 - -0.77 -0.76 -0.59 -1 -
11.28 059 | 0.66 0.63 - 0.65 - - - -
10.04 - 0.51 0.51 0.62 0.51 - 0.6 0.51 -
9.94 0.5 0.69 0.73 0.64 0.54 0.59 0.58 - 0.91

Our proposal to efficiently eliminate the atmospheric pressure
effects on the muon data is: 1 — To identify all periodicities that
are due to atmospheric pressure influence (Table 2); 2 — To re-
build such dependence (periodicities) in the muon data; 3 — To
subtract such reconstruction in the muon time series. With this
we will have a more refined muon time series in relation to the
atmospheric pressure effects.

CONCLUSION

This article presents a study of the atmospheric pressure effects
on the muon detector time series through the classic spectral
analysis using the iterative regression method.

During the study, a total of 34 periodicities belonging to the
atmospheric pressure, present in the muon data, were observed.
Nine of such periodicities are both in the non normalized data
series and in the normalized series. Only the 374 day-period
presents a positive correlation between the two time series, while

Brazilian Journal of Geophysics, Vol. 31(3), 2013

the periodicities shorter than 374 days present a negative corre-
ation in the non normalized time series.

It was also verified that the applied normalization equation
efficiently eliminates the atmospheric pressure effects only for
periods shorter than 9 days. Such normalization may be elimi-
nating other signals, that are not due to the atmospheric pressure
effects, such as the observed periods of 4.97, 5.25 and 6.46 days.
Additionally, the normalization equation is also introducing fre-
quency signals, to the muon time series, which have a positive
dependence (correlation) with the atmospheric pressure.

To conclude, a procedure was presented (but it was not tested
yet) to achieve a more efficient elimination of the atmospheric
pressure effects on the muon data.
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