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Abstract 
This paper presented a study of the effects of atmospheric pressure in the time series of muon de- 
tector using the method of spectral analysis of iterative regression. In which it observed that the 
periods of 4.8, 5.7, 7.0, 8.7, 10.7, 14.1, 16.2, 21.0, 31.2 and 356.7 days present in the amplitude 
spectrum of atmospheric pressure are also present in the amplitude spectra of muons data. Also it 
observed that the standardization of muons data to eliminate the effects of atmospheric pressure 
is efficient for periods under 7 days. 
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1. Introduction 
The concern of the study of space weather is to collect data of phenomena from the Sun and the Earth’s magne- 
tosphere, so that one can make a prediction of these phenomena before they occur and understand the physical 
phenomena generated in the Sun and its consequences in the interplanetary medium and especially on planet 
Earth. Among the main solar phenomena, the Coronal Mass Ejections (CMEs) are the main causes of intense 
magnetic storms on Earth [1] [2]. 

CMEs are eruptions of plasma from the solar atmosphere involving regions of closed field lines that are 
ejected in the interplanetary medium. Such regions, and the shocks that they can generate, have pronounced ef- 
fects on the density of cosmic rays both locally and at a distance. These effects on energetic particles can often 
be used to identify CMEs in the interplanetary medium, where they are called “ejecta” [3]. The importance of 
using the components of the cosmic rays is secondary as “informants” of the presence of CMEs toward Earth. 
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The cosmic rays travel with the speed of light in the Earth direction faster than the CMEs, which enables deter-
mination beforehand of the occurrence of a geomagnetic storm. 

One of the secondary components of cosmic rays is muons. They are high-energy particles originating from 
the interaction of high-energy protons from cosmic radiation in the Earth’s atmosphere. Its formation and prop- 
agation in the atmosphere depend on the atmospheric pressure and temperature. According to Reference [4], the 
daily variations of cosmic radiation are caused by atmospheric variations. Thus, the effects of temperature and 
pressure represent the main interference in the study of the variations of intensity of the primary cosmic radia- 
tion. The variations in air masses produce changes in the flux of cosmic rays entering the detector [5] [6]. Due to 
this effect, what one does is a correction of the atmospheric effects (pressure and temperature) on the data of 
cosmic rays [7]. This correction or standardization removes atmospheric effects (pressure and temperature) by 
the equation: 

( ) ( )dI p h T h h
I

β α∆
= ∆ + ∆∫                              (1) 

where ∆p is the change in atmospheric pressure and ∆T is the temperature variation with altitude h. The first 
term of the equation represents the barometric effect, and where β is the barometric coefficient. The second term 
of the equation represents the temperature effects, where α is the temperature coefficient that depends on the al-
titude [8]. 

This paper presents a study of muon time series (2006-2010) through the spectral analysis of iterative regres- 
sion method in order to verify that Equation (1) is actually removing the atmospheric effects in muon data. 

2. Method 
2.1. Data Setting 
The data used in the secondary component of cosmic rays (muons) were measured by muon telescope scintilla- 
tor installed in São Martinho da Serra-Brasil (29.3˚S, 53.5˚O, magnetic rigidity of 14 GV), in the Southern 
Space Observatory-SSO/CRSPE/INPE, financed by NSF-National Science Foundation of the United States, by 
Bartol Institute (Newark), the University of Nagoya in Japan, and the Brazilian government. 

The muons and pressure time series used starting at 1 December 2006 to 18 September 2010. In this study 
only the daily averages of the raw data (Figure 1) and standardized data by Equation (1) (Figure 2) to the Ver- 
tical (V), North (N), South (S), East (L) and West (W) direction (or channels). 
 

 
Figure 1. The muon daily average time series (not standardized) for V, N, S, E, W 
channels and pressure daily average time series to time interval of 2006 to 2010.      
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Figure 2. Muons standardized daily average time series for V, N, S, E, W 
channels to time interval 2006 to 2010.                                

2.2. Iterative Spectral Analysis 
In this study the spectral analysis was used by iterative regression in the search for periodicities present in the 
muon and pressure time series, was described in its general form by Reference [9] and Reference [10]. It may be 
applied to the fit of any function (derivable on regard to variables and parameters) to experimental or observa- 
tional data, without need of previous linearization. For reason of processing time in most computers, the number 
of parameters and variables cannot be too high but there is not such practical limit for the number of data points 
which in principle must not be equidistant. It is applied, in this work, to searching periodicities in time series, 
with the use, for every period searched, of a unique sine function with three unknown parameters, a0 = ampli- 
tude, a1 = angular frequency, and a2 = phase and only one variable, t = time. The values for the three unknown 
parameter are determined one at a time by iteration on the original time series with the specific condition of re- 
stricting the angular frequency to a narrow domain around its expected value. The starting point of the method is 
the definition of a so-called conditional function, which is: 

( )0 1 2sinF Y a a t a= − +                                     (2) 

where Y is the observed signal, t is the time that the conditional function F represents, for every experimental 
point, the difference between the observed value Y and the fit curve for the corresponding abscissa.  

As the method is iterative, for every iteration, the corrective terms A0, A1 and A2 are calculated. They will be 
applied to the parameters a0, a1 and a2, respectively. The corrective terms represent the solutions of the linear 
system of equation: 

1A C V−=                                           (3) 
where terms Cij and Vi, of matrixes C and V, are the sums for all experimental points of actualized values (for 
every iteration) of the right hand expression: 
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(in order to simplify, according to usual practice, sum symbols are omitted)  
with 
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L is the weighing coefficient, for every experimental point. DY and Dt represent the standard deviation or error, 
associated to Y and t, respectively. 

Corrective terms A0, A1 and A2 are applied to parameters a0, a1 and a2, as follow: 

00 0 0a a A= −                                        (7) 

01 1 1a a A= −                                        (8) 

02 2 2a a A= −                                        (9) 

where 
00a , 

01a , 
02a  represent initial values, every iteration. These values may be arbitrarily chosen. However, 

to save processing time, they are chosen close to the expected values. 
The determination of the unknown parameters ai must respect a convergence criterion. Iteration are done up to 

when the sum of squared values of Ai turn to be lower than a given value. When this convergence criterion is 
reached, the values of parameters ai are considered as being the best estimates. Their standard deviations 

iaD  
are given by: 

1

i

kk
a

C S
D

n p

−

=
−

                                       (10) 

where Ckk is the diagonal term diagonal of matrix C−1, n is the number of experimental data, p is the number of 
unknown parameters and S is defined as the sum, for all experimental points, of the squared residues F defined 
in Equation (2) and weighed by coefficients L: 

2FS
L

= .                                        (11) 

The program performs, successively, the search for sine function parameter values through a sweep of possi- 
ble angular frequency values. Also to save processing time it may be recommended to restrict the search to fre- 
quency domains where amplitude peak are expected after applying one of the above described methods. The al- 
lowed variation of angular frequency for every periodicity research is: 

max

2πdw
t

=                                       (12) 

where tmax= tfinal − tinicial . 
The maximum angular frequency is: 

max 2
Nw dw= ,                                   (13) 

where N is the number of data points. 
This maximum angular frequency corresponds to the maximum allowed frequency called Nyquist frequency 

which is expressed by: 

3. Results and Discussion 
The muons time series have a high correlation between the channels of 0.88 to 0.98 for the raw data and stan- 
dardized data. Representing that the channels are responding the same way for possible variations tails by phys- 
ical phenomena, thus, it is expected that the spectral analysis of each channel have almost the same results. 

Figure 3 shows the amplitude spectrum of the time series of atmospheric pressure and muons (no-standar- 
dized) for V, N, S, E and W channels with confidence levels 66% and 95%. As expected the spectra of each 
channel showed no significant differences. In Figure 3 shows some selected frequencies (lines in red and blue) 
for better viewing and discussion of results. 

The periodicities of 4.8, 5.7, 7.0, 8.7, 10.7, 14.1, 16.2, 21.0, 31.2, 356.7 days, highlighted by the red line 
represent the periodicities found in the atmospheric pressure time series, with a confidence level above 95%, and  
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Figure 3. Amplitude spectrum by muons (non-standardized) and pressure time series.  

 
that are also present in muon raw time series for all channels. 

The correlation coefficients (r) of the reconstruction of periodic signals found in atmospheric pressure and 
muon (for all channels) time series are presented in Table 1. It is observed that both series have a negative cor- 
relation, that is, when an increase in air pressure occurs a decrease in the detection of muons for all channels 
occurs. It just did not go for the period of 356.7 days, in which we observed a positive correlation to channels. 
One hypothesis to explain this positive correlation between atmospheric pressure and the muons data is that an- 
nual variation in pressure may be due to orbital parameters (translational motion of the Earth) and not atmos- 
pheric. 

The periodicities of 3.6 and 6.4 days, highlighted by blue lines, represent the periodicities found in the muons 
data, with a confidence level above 95%, but that was not observed in the atmospheric pressure time series of 
with a significant level of confidence. 

Figure 4 shows the amplitude spectrum of the time series of atmospheric pressure and muons standardized 
for V, N, S, E and W channels to confidence levels 66% and 95% data. Here also no significant differences in 
the spectra were observed for each channel. 

Comparing these periodicities found in muons raw data (Figure 3) with the periodicities found in muons 
standardized (Figure 4) some differences were observed between them:  

1) It is clear that standardization makes a filter in the muons data, and eliminating certain frequencies; 
2) The elimination of the effects of atmospheric pressure through muons standardized data is really effective 

for periods below 7 days only; 
3) To periodicities longer than 7 days, only the period of 8.7, 16.2 and 21.0 were eliminated by standardizing 

pressure; 
4) The periodicities of 3.6 and 6.4 days, highlighted by blue lines, that do not match the atmospheric varia- 

tions were eliminated muon data for all channels. This implies that standardization may be eliminating possible 
physical phenomena that are not atmospheric effects. 

This article presents a way to make the elimination of the effects of atmospheric pressure more efficient in the 
muon data, that is: 1) Identify all frequencies that are due to the influence of atmospheric pressure; 2) Recon- 
struct this dependency (periodicities) in the muons data; 3) Subtract this reconstruction in the muons time series. 
Thus we obtain a muons time series more purified to the atmospheric pressure effects. 

The Reference [11] have analyzed the cosmic-ray muons intensity record from Belgrade muons detectors in 
period 2002-2004, they have found periodicities of 1, 5.3, 8.7, 13.6, 20.5, 26.5, 34.5, 37, 57, 77, 90, 162, 194, 
236, 350 days. They identified the atmospheric effects to 1 days, and solar rotation period (~26.5 days) and 
yours harmonics (13.6 and 8.7 days), well as evidence of signals between 3.5 and 5.3 days attributed both to the  
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Table 1. Correlation coefficient of frequency of the atmos- 
pheric pressure data and muons raw data for V, N, S, E and W 
channels.                                            

Period (days) V N S E W 

356.7 0.62 0.69 0.51 0.70 0.83 

31.2 −0.96 −0.83 −0.96 −0.96 −0.84 

21.0 −0.86 −0.79 −0.83 −0.82 −0.84 

16.2 −0.98 −0.98 −0.99 −0.92 −0.91 

14.1 −0.80 −0.64 −0.79 −0.68 −0.70 

10.7 −0.94 −0.83 −0.96 −0.98 −0.86 

8.7 −0.97 −0.98 −0.99 −0.98 −0.96 

7.0 −0.70 −0.98 −0.72 −0.77 −0.82 

5.7 −0.98 −0.94 −0.96 −0.96 −0.98 

4.8 −0.91 −0.73 −0.85 −0.79 −0.88 

 

 
Figure 4. Amplitude spectrum of muons standardized and pressure time series.       

 
high harmonics of the solar rotation period. They also found periodicities of 20.5 and 90 days in which failed to 
assign any physical phenomenon for this. The results obtained by Reference [11] are partly in accordance with 
the results obtained in this work. In which it is evident that the standardizing pressure eliminating possible 
physical phenomena that are not atmospheric effects, for periods between 3.5 and 5.3 - 6.4 days. While the pe- 
riodicity of 20.5 days they found is atmospheric pressure effect as shown in this work. Has a period of 8.7 years 
as they presented harmonious solar rotation is really the atmospheric pressure effect, the harmonic of the solar 
rotation would be between 6.4 - 6.7 days, this period finding of this work and it was eliminated by standardizing 
pressure effect, what is not. 

The cosmic radiation intensity is not constant, it continually varies for different time scales. Its flow incident 
on the Earth’s atmosphere 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) [12]. Variations with short periods of 
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time and with a terrestrial origin are called seasonal and diurnal variations, caused by differences in the Earth’s 
atmospheric structure between the winter and summer seasons, and between the day and night [13]-[15]. 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 mechanismsmay be associated to the geodynamo’s orbital modulation, therefore, modulat- 
ing the intensity and direction of the geomagnetic field, and/or the correlations of orbital parameters with the 
solar wind in the heliosphere [12]. 

4. Conclusions 
This paper presented a study of the effects of atmospheric pressure time series in the muon detector by spectral 
analysis using the iterative regression method. It was verified that Equation (1) effectively eliminates the effects 
of atmospheric pressure to periods below of 7 days only. In which it was determined that the periods of 4.8, 5.7, 
7.0, 8.7, 10.7, 14.1, 16.2, 21.0, 31.2, and 356.7 days pertaining to atmospheric pressure are present in the muon 
data, both in the raw as the standardized (by Equation (1)) time series.  

It was also determined that standardization may be eliminating other signs, which are not due to the effects of 
atmospheric pressure, as observed periods of 3.6 and 6.4 days. In this work, it was shown that the period of 
356.7 days presented a positive correlation between two time series. The periodicities which are smaller than the 
356.7 days show a negative correlation. 

For a complete study, proposal was presented to make the elimination of the atmospheric pressure effects 
more efficient in the muons time series. 
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