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The temporal variation of cosmic ray intensity recorded by a ground-based detector includes 

contributions from varying cosmic ray density (or isotropic intensity) and anisotropy in space. We 

deduce these contributions separately and accurately, each as a function of primary cosmic ray 

rigidity and time, by analyzing the cosmic ray intensity observed with global networks of neutron 

monitors and multidirectional muon detectors altogether. In such analyses, however, we need to 

pay special attention to local effects including atmospheric effects which are superposed on the 

signal temporal variation of cosmic ray density and anisotropy. This is particularly important in 

analyses of the data during the “quiet period” when only small signal variation is expected. We 

present our analyses of the data during two sample periods in January-February and July-August, 

2012, during each of which an extended cosmic ray decrease lasting for ~five days with a strong 

anisotropy was observed. 

 

Introduction 
The cosmic ray intensity observed at Earth dynamically changes with various timescales 

between a few hours and a few tens of days, in association with the arrival of solar and 

interplanetary disturbances, such as the interplanetary coronal mass ejections (ICMEs) with or 

without interplanetary (IP) shocks and corotation interaction regions (CIRs). Because of their 

large Larmor radii, the intensity of high-energy galactic cosmic rays (GCRs) with 1-100 GeV 

energies changes particularly responding to the large-scale magnetic structure passing across the 

Earth with the solar wind. This is why the ground-based observations using neutron monitors 

(NMs) and muon detectors (MDs) are important for the study of space weather. 

Since the GCR intensity variation observed at a point in space consists of the combined 

variations due to the GCR density (omnidirectional intensity) and the anisotropy, one needs the 

multidirectional observations with a global network to derive these two components separately 

and accurately. For this purpose, worldwide network observations with NMs [1] and MDs [2] 

have been employed. The temporal variation of GCR density tells us the radial spatial distribution 

of GCR density in the GCR depleted region such as the Forbush decrease region which passes 

Earth being convected by the radial solar wind, while the anisotropy can tell us the three-

diemnsional spatial gradient of GCR density around Earth [2]. Because a NM and a MD have 

typical maximum responses to GCRs with ~15 GV and ~65 GV median rigidities, respectively, 

we can also deduce the rigidity dependence of the variation over a wide rigidity range of 5-100 

GV by analyzing NM and MD data altogether.  

In an analysis using the global network data, however, we need to pay a special attention to 

the variation due to the “local effect” arising from the environmental variation which is generally 

different in each detector. In this paper, we present our sample analyses of the “extended cosmic 

ray decreases” observed by NMs and MDs in January-February and July-August, 2012 [3]. We 

particularly show the local effect seen in MD data and discuss the analysis method to eliminate 

its influence on the derived GCR density and anisotropy variations. 

 

Analysis method 
In this paper, we use the count rates recorded by 18 NMs and 60 directional channels of the 

Global Muon Detector Network (GMDN) as listed in Table 1 [4]. NM and GMDN count rates are 

both corrected for the atmospheric pressure effect, while GMDN count rates are also corrected 

for the atmospheric temperature effect by the Mass Weighted method (MSS method) using the 

mass-weighted temperature provided by the Global Data Assimilation System (GDAS) of the 

National Center for Environmental Prediction [5]. 

We derive the GCR density (𝜉0
0 𝑐(𝑡) ) and three components of the first-order anisotropy 

(diurnal anisotropy) vector (𝜉1
1 𝑐/𝑠(𝑡) ) by best-fitting the following model function (𝐼𝑖,𝑗

𝑓𝑖𝑡
(𝑡)) to 

the observed data (𝐼𝑖,𝑗
𝑜𝑏𝑠(𝑡)), 
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𝐼𝑖,𝑗
𝑓𝑖𝑡(𝑡) = ∑ ∑ {𝜉𝑛

𝑚 𝑐(𝑡)(𝑐𝑛  𝑖,𝑗
𝑚 cos 𝑚𝜔𝑡𝑖 − 𝑠𝑛  𝑖,𝑗

𝑚 sin 𝑚𝜔𝑡𝑖)

𝑛

𝑚=0

2

𝑛=0

+ 𝜉𝑛
𝑚 𝑠(𝑡)(𝑠𝑛  𝑖,𝑗

𝑚 cos 𝑚𝜔𝑡𝑖 + 𝑐𝑛  𝑖,𝑗
𝑚 sin 𝑚𝜔𝑡𝑖)}, 

where 𝐼𝑖,𝑗
𝑜𝑏𝑠(𝑡) is the count rate recorded in the 𝑗-th directional channel of the 𝑖-th detector at the 

universal time 𝑡 , 𝜉𝑛
𝑚 𝑐(𝑡)  and 𝜉𝑛

𝑚 𝑠(𝑡)  are best-fit parameters, that is, 𝜉0
0 𝑐(𝑡)  representing the 

GCR density and 𝜉1
0 𝑐(𝑡), 𝜉1

1 𝑐(𝑡)  and 𝜉1
1 𝑠(𝑡)  representing the GCR anisotropy in the GEO 

coordinates, 𝑡𝑖 is the local time at the 𝑖-th detector and 𝜔 = 𝜋/12. In the GEO coordinate system, 

we set the 𝑥 -axis to the anti-sunward direction in the equatorial plane, the 𝑧 -axis to the 

geographical north perpendicular to the equatorial plane, and the 𝑦-axis completing the right-

handed coordinate system. Each NM has only one directional channel with 𝑗 = 1. In this paper, 

we use for 𝐼𝑖,𝑗
𝑜𝑏𝑠(𝑡)  the percent deviation of hourly count rate from an average over the solar 

rotation period (27 days). 𝑐𝑛  𝑖,𝑗
𝑚  and 𝑠𝑛  𝑖,𝑗

𝑚  are coupling coefficients calculated using the response 

function and asymptotic viewing direction of each directional channel, as 

Table 1. Characteristics of NMs and MDs used in this paper. From left, each column lists the 

detector name, geographic, longitude and altitude of detector’s location, number of directional 

channels available from each detector, geomagnetic cutoff rigidity (𝑃𝑐) for each directional chan-

nel, average hourly count rate, count rate error, median rigidity of primary GCRs (𝑃𝑚), and 

geographic latitude and longitude of the asymptotic viewing direction outside the magneto-

sphere. 𝑃𝑚 is calculated by using the response function of each detector to primary GCRs, while 

geographic latitude and longitude of the asymptotic viewing direction are calculated by tracing 

orbits of GCRs with 𝑃𝑚 in a model magnetosphere [6]. 
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𝑐𝑛  𝑖,𝑗
𝑚 = ∫ 𝑔𝑛(𝑝)

∞

𝑃𝑐

𝑅(𝑥𝑖, 𝑍𝑗 , 𝑝)𝑃𝑛
𝑚(cos 𝜃𝑖,𝑗(𝑝)) × cos{𝑚(𝜙𝑖,𝑗(𝑝) − 𝜙𝑖)} 𝑑𝑝/ ∫ 𝑅(𝑥𝑖, 𝑍𝑗 , 𝑝)

∞

𝑃𝑐

𝑑𝑝 

𝑠𝑛  𝑖,𝑗
𝑚 = ∫ 𝑔𝑛(𝑝)

∞

𝑃𝑐
𝑅(𝑥𝑖, 𝑍𝑗 , 𝑝)𝑃𝑛

𝑚(cos 𝜃𝑖,𝑗(𝑝)) × sin{𝑚(𝜙𝑖,𝑗(𝑝) − 𝜙𝑖)} 𝑑𝑝/ ∫ 𝑅(𝑥𝑖 , 𝑍𝑗 , 𝑝)
∞

𝑃𝑐
𝑑𝑝, 

 

where 𝑅(𝑥𝑖, 𝑍𝑗 , 𝑝) is the response function of the 𝑖-th detector viewing at zenith angle  𝑍𝑗 and an 

atmospheric depth 𝑥𝑖  to primary cosmic rays with a rigidity 𝑝 , 𝑃𝑛
𝑚(cos 𝜃𝑖,𝑗(𝑝))  is the 

seminormalized spherical function by Schmidt, 𝜙𝑖  is the geographical longitude of the 𝑖 -th 

detector, 𝜃𝑖,𝑗(𝑝) and 𝜙𝑖,𝑗(𝑝) are the geographical asymptotic colatitude and longitude of cosmic 

rays with rigidity 𝑝  to be detected in the 𝑖, 𝑗  directional channel, and 𝑔𝑛(𝑝)  is the rigidity 

spectrum of 𝜉𝑛
𝑚 𝑐/𝑠(𝑡). In this study, we assume a single  power-law spectrum for 𝑔𝑛(𝑝) as 

𝑔𝑛(𝑝) = (𝑝/𝑝𝑟)𝛾𝑛(𝑡) 

where 𝛾𝑛(𝑡) is the power-law index. By changing 𝛾𝑛(𝑡), each between −2.0 and +1.0 in 0.1 steps, 

we find  𝜉𝑛
𝑚 𝑐/𝑠(𝑡) and  𝛾𝑛(𝑡) minimizing the chi-square between 𝐼𝑖,𝑗

𝑜𝑏𝑠(𝑡) and 𝐼𝑖,𝑗
𝑓𝑖𝑡

(𝑡). More detail 

information of this analysis can be found in [6] in which we analyzed a significant space weather 

event during a few days in November 2021. In this study, we analyze two solar rotation periods 

in January-February and July-August, 2012, when the extended cosmic ray decreases in 

association with strong diurnal anisotropy were reported from the observation by the PSNM 

neutron monitor [3]. 

 

Results and Discussion 
Figure 1 displays all data analyzed in this study. For an easy-to-see display of the common 

variation among detectors, we show the 24-hour trailing moving average (TMA) of hourly 𝐼𝑖,𝑗
𝑜𝑏𝑠(𝑡) 

in this figure, suppressing the diurnal variation due to the anisotropy which is generally different 

in different viewing direction. We calculate the 24-hour TMA (𝐼�̅�,𝑗
𝑜𝑏𝑠(𝑡)) as 

𝐼�̅�,𝑗
𝑜𝑏𝑠(𝑡) = ∑ 𝐼𝑖,𝑗

𝑜𝑏𝑠(𝑡)𝑡
𝑡−23 /24. 

The superposed black curves in the left and right column panels display variations in January 18 

- February 12 and in July 14 - August 8, respectively. The top panel shows variations observed by 

18 NMs including PSNM shown by the red curve, while each of the bottom four panels displays 

variations observed by all directional channels in each of four muon detectors of the GMDN. It is 

noted that the variation amplitude in PSNM is much smaller than those of other NMs indicating 

the soft rigidity spectrum of the variation. 

It is seen that the variations in all directional channels in each MD are quite common, while 

there is some differences seen between MDs. We are as yet unsure, but a possible cause of the 

count rate difference between MDs is the local effect, partly due to the inappropriate atmospheric 

temperature correction by the MSS method for some MDs. The MSS method is quite effective to 

correct for the large amplitude seasonal variation due to the temperature effect, but sometimes it 

does not work properly when there is an anomalous vertical temperature profile, such as a 

“stratospheric sudden warming”, is observed above the local MD [7]. In this paper, we present 

our preliminary analysis to suppress the influence of this local effect in MD data on the best-fit 

parameters. Although the difference between variations in NMs are also significant as seen in the 

top two panels, we will investigate its correction in future work. 

The top panels of Figure 2 display 𝐼�̅�,1
𝑜𝑏𝑠(𝑡) in four vertical channels in GMDN (Nagoya in 

red, Hobart in blue, Kuwait in orange and São Martinho in slyblue), while the bottom five panels 

show the best-fit parameters at 65 GV monitored by the GMDN. From the second to the bottom, 

each panel shows the best-fit density ( 𝜉0
0 𝑐(𝑡) ), the amplitude of the diurnal anisotropy  
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Figure 1. Superposed 24-hour trailing moving averages (�̅�𝒊,𝒋
𝒐𝒃𝒔(𝒕)) of hourly count rates 

observed in January-February, 2012 (left column) and in July-August, 2012 (right 

column). Top panels show 𝐼�̅�,𝑗
𝑜𝑏𝑠(𝑡) of NMs, while the second to bottom panels show  𝐼�̅�,𝑗

𝑜𝑏𝑠(𝑡) 

of all directional channels in Nagoya, Hobart, Kuwait and São Martinho MDs, respectively. 

The red curve in each top panel displays  𝐼�̅�,𝑗
𝑜𝑏𝑠(𝑡) of the PSNM at highest 𝑃𝑐 in Table 1. 
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Figure 2. The 24-hour trailing moving averages (�̅�𝒊,𝒋
𝒐𝒃𝒔(𝒕)) of four vertical channels in the 

GMDN (top panels) and the best-fit parameters at 65 GV. From the second to the bottom, 

each panel shows, the best-fit density, amplitude of the first-order anisotropy, GEO-longitude 

and latitude of the first-order anisotropy, the power-law indices of the density (𝛾0(𝑡)) and the 

first-order anisotropy (𝛾1(𝑡)). All red curves and two blue curves in the fourth panels display 

parameters obtained from best-fitting to the original 𝐼𝑖,𝑗
𝑜𝑏𝑠(𝑡) , while black curves display 

parameters obtained from best-fitting to the normalized  𝑖𝑖,𝑗
𝑜𝑏𝑠(𝑡) of MD data (see text). 
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(√(𝜉1
0 𝑐(𝑡))2 + (𝜉1

1 𝑐(𝑡))2 + (𝜉1
1 𝑠(𝑡))2), the GEO-longitude and latitude of the orientation of 

the diurnal anisotropy, 𝛾0(𝑡), and 𝛾1(𝑡) . 

We note significant 24-hour variations in the diurnal anisotropy at 65 GV displayed by red 

and blue curves in the third and fifth panels during several-days periods, when 𝐼�̅�,1
𝑜𝑏𝑠(𝑡) in the top 

two panels shows significant difference between four vertical channels. This is due to the best-fit 

calculation resulting in the spurious anisotropy directing from the viewing direction  of  higher 

count rate detectors, which rotates in space according to Earth’s spin. 

In order to suppress the difference between MDs causing the spurious anisotropy, we use 

instead of 𝐼𝑖,𝑗
𝑜𝑏𝑠(𝑡) for MD data in the best-fitting the count rate (𝑖𝑖,𝑗

𝑜𝑏𝑠(𝑡)) normalized to 𝐼1̅,1
𝑜𝑏𝑠(𝑡), 

i.e. the 24-hour TMA of Nagoya vertical channel, defined as 

𝑖𝑖,𝑗
𝑜𝑏𝑠(𝑡) = 𝐼𝑖,𝑗

𝑜𝑏𝑠(𝑡)𝐼1̅,1
𝑜𝑏𝑠(𝑡)/𝐼�̅�,𝑗

𝑜𝑏𝑠(𝑡). 

We use 𝐼𝑖,𝑗
𝑜𝑏𝑠(𝑡) for NM data. The best-fit parameters derived from best-fitting to 𝑖𝑖,𝑗

𝑜𝑏𝑠(𝑡) for MD 

data are displayed by black curves in the bottom five panels of Figure 2. It is seen that the 24-

hour variations in the diurnal anisotopy at 65 GV are suppressed in the third panels. The best-fit 

parameters in Figure 2 are discussed in comparison with the solar wind parameters in other work 

we presented at this conference [8]. 

As shown in bottom panels in Figure 3, on the other hand, more prominent 24-hour variations 

are also seen in the diurnal anisotropy at 15 GV monitored by NMs, indicating significant local 

effects in NM data. This is also responsible for 24-hour variations of the anisotropy orientation 

and 𝛾1(𝑡) seen in red and blue curves in the fourth and the bottom panels of Figure 2. Although 

we currently have no good idea to eliminate the effect in NM data, it might be giving a hint that 

no significant influence of the local effect is seen in the best-fit density and 𝛾0(𝑡) in Figures 2 and 

3. We will further develop analysis method with which we can derive the best-fit parameters 

minimizing the influences from the local effect. 

 

 

Figure 3. The best-fit density (upper panels) and the amplitude of the first-order 

anisotropy (lower panels) at 15 GV. Red curves display parameters obtained from best-

fitting to the original 𝐼𝑖,𝑗
𝑜𝑏𝑠(𝑡) , while black curves display parameters obtained from best-

fitting to the normalized  𝑖𝑖,𝑗
𝑜𝑏𝑠(𝑡) of MD data (see text). 
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