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particles together with a few percent of neutrons. By measuring
muon flux variation around the world allows us to derive the
state of space weather and atmospheric profile in real-time.
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Abstract

We present a comparison of the measured cosmic ray (CR) muon fluxes from two iden-
tical detectors at different geolocations and their sensitivity to space weather events in
real time. The first detector is installed at Mount Wilson Observatory, CA, USA (ge-
omagnetic cutoff rigidity Rc ~ 4.88 GV), and the second detector is running on the down-
town campus of Georgia State University in Atlanta, GA, USA (Rc ~3.65 GV). The vari-
ation of the detected muon fluxes is compared to the changes of the interplanetary so-

lar wind parameters at L1 Lagrange point and geomagnetic indexes. We have also in-
vestigated the muon flux behavior during major interplanetary shock events and geo-
magnetic disturbances. To validate the interpretation of the measured muon signals, the
muon fluxes are compared to the neutron flux measurement from the Oulu neutron mon-
itor (NM) in northern Finland (Rc ~0.8 GV). The results of this analysis show that the
cosmic ray flux percentage changes from all stations are significantly correlated with each
other and with solar wind parameters at L1, and the decreases of the muon fluxes can
sometimes be observed several hours ahead of the onsets of the interplanetary shock ar-
rivals at L1 and geomagnetic disturbances. Although this is yet an initial effort of build-
ing a global network of cosmic ray muon detectors for monitoring the space and earth
weather in real time, the study provides evidence that muon network detection efficiency
can be a diagnostic and forecasting tool for geomagnetic storms hours before they hit

the Earth.

Key Points:

« A global network of portable muon detectors is under development for monitor-
ing the dynamic changes of the space and terrestrial weather

e A comparison of the measured cosmic ray muon fluxes from two identical detec-
tors at different geolocations in real-time is carried out

« A correlation study between the muon data and the neutron measurement at Oulu
cosmic ray station in Finland is presented in this paper

Plain Language Summary

A pair of identical, low-cost, and portable cosmic ray muon detectors is set up over
3,500 km apart for an exploratory study of monitoring the space and terrestrial weather
in real time at global scale. One detector is installed on Mount Wilson, California and
the other is in downtown Atlanta, Georgia. To validate the interpretation of the mea-
sured muon signals, the muon fluxes are compared to the well-known neutron flux mea-
surement from the Oulu neutron station in Finland. The results of this analysis show
that the cosmic ray flux percentage changes from all stations are significantly correlated
with each other and with the space weather activities. Although this is yet an initial ef-
fort of building a global network of cosmic ray muon detectors for monitoring the space
and earth weather in real time, the study provides evidence that muon network detec-
tion efficiency can be a diagnostic and forecasting tool for geomagnetic storms hours be-
fore they hit the Earth.

1 Introduction

The interaction between the interplanetary space plasmas and the Earth’s mag-
netosphere has vital importance in the context of space weather forecasting. The inter-
planetary space which is filled with the solar wind with frozen-in magnetic fields and cos-
mic ray (CR) particles is highly affected by solar magnetic activity which ultimately causes
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1) Primary cosmic ray particle has galactic origin
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(4) Most particles reaching to the surface of earth are muon
particles together with a few percent of neutrons. By measuring
muon flux variation around the world allows us to derive the
state of space weather and atmospheric profile in real-time.

Figure 1. Cosmic ray interactions and propagation from deep in space, in the solar system,

through the Earth’s atmosphere, and to the surface of the Earth.

cosmic rays flux modulations in space and on Earth (Gleeson & Axford, 1968; Kojima
et al., 2015). High-energy particles produced during the solar transient activities (so-called
solar energetic particles, i.e. SEPs, Reames, 2021) as well as from outside the solar sys-
tem (so-called primary cosmic ray particles) collide with nuclei of Earth’s atmospheric
molecules and produce secondary cosmic ray shower particles typically in a few kilome-
ters above commercial airplane flying altitude. The most abundant particles reaching
sea level are muons (about 80%, Zyla et al., 2020) together with a few percent of neu-
trons and electrons (ignoring neutrino particles which are irrelevant for this study). The
solar activity, the state of the interplanetary space, and the Earth’s magnetosphere and
atmosphere are collectively responsible for the intensity of secondary cosmic ray parti-
cles being detected by ground-based cosmic ray detectors. Figure 1 highlights the four
major processes of cosmic ray interaction and propagation.

Correlation studies between the cosmic ray flux and solar activity parameters (Munakata

et al., 2000; Firoz et al., 2010; Dvornikov et al., 1988; Maghrabi et al., 2021) reveal that
disturbances in the solar wind and shocks from the powerful solar transient events (flares,
coronal mass ejections, and acceleration of solar energetic particles) may result in geo-
magnetic activity and cosmic ray modulation. Two main phenomena responsible for the
modulation of the flux rate of cosmic rays incident on the Earth’s upper atmosphere are

the disturbances in the solar wind and the Earth’s magnetic field (Firoz et al., 2010; Kudela
et al., 1993). This modulation of cosmic rays can be analyzed by the peaks and valleys

in their time series detected by ground-based particle detectors (Shrivastava & Jaiswal,
2003).

Solar wind modulates the incoming CR flux through diffusion, drift processes and
adiabatic cooling (Parker, 1958). Changes in solar wind cause the magnetosphere to re-
act, resulting in variations of the geomagnetic activity indices. The ring current strength
and the related disturbance storm time are characterized using the Dst index, and the
global variations of the horizontal magnetic fields measured at the Earth’s surface are
described using the Kp and Ap indexes (Cane & Richardson, 2003; Mishra & Mishra,
2018). Coronal mass ejections (CME) are large clouds of plasma with frozen in magnetic
fields which can cause strong variations in the interplanetary magnetic field. Consequently,
Earth’s magnetic field may respond strongly to the CME passing through the Earth’s
orbit and interacting with the Earth’s magnetosphere (Storini, 1990). At least 86 per-
cent of the cosmic ray decreases observed by ground-based neutron monitors during the
past 30 years are attributed to CME-driven geomagnetic storms (Cane & Richardson,
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2003). Therefore the changes in the cosmic ray muon and neutron fluxes carry essential
information about geomagnetic disturbances, solar eruptive events, and the solar wind,
and may be used for the development of diagnostics and forecasting tools.

Knowledge of short-term cosmic ray modulation on a large scale is of great impor-
tance because of its correlation with various solar, interplanetary, and geophysical pa-
rameters (Sabbah, 2000). The key challenge in space and earth weather monitoring on
a global scale using cosmic rays is to develop efficient, low-cost, and portable detectors
that can provide accurate correlations between cosmic ray flux variations and the changes
in solar activity and the atmospheric properties. Such a state-of-the-art portable muon
particle detector has been developed by the Nuclear Physics Group at Georgia State Uni-
versity (GSU, He et al., 2021). An interdisciplinary team at GSU has successfully de-
ployed its first remotely-installed cosmic ray muon detector (to be referred to as Muon002)
on Mt Wilson, CA on June 7, 2022. The site is the home of the CHARA Array, a flag-
ship project of GSU’s Center for High Angular Resolution Astronomy (CHARA). This
marks the beginning of a long-term effort by the team for building a global network of
cosmic ray muon detectors for monitoring space and terrestrial weather. This network
could be significant for predicting geomagnetic storms several hours early as studies re-
veal that ground based muon detectors via cosmic ray anisotropies can detect Earth-directed
CMEs and interplanetary shock waves earlier than neutron monitors (Munakata et al.,
2000; Jansen et al., 2001). The measurements by the identical muon detector installed
at the GSU campus in downtown Atlanta (to be referred to as Muon000) provides a pos-
sibility to analyze the simultaneous response of both detectors to global magnetospheric
disturbances and solar events.

The objective of this study is to investigate the short-term correlation of the cos-
mic ray muon and neutron flux variation with solar and geomagnetic activity. In par-
ticular, we report the first results of analyzing the time series of cosmic ray muon fluxes
recorded by Muon000 and Muon002. The focus of this paper is to explore the sensitiv-
ity of the muon flux variations measured by these two detectors in connection with re-
cent space weather activity. The paper is divided into four sections. Section 2 presents
the detector setup, data sources, and the associated data analysis details. The discus-
sion of results is presented in Section 3 while Section 4 concludes the paper.

2 Detector Setup and Dataset Sourses
2.1 Cosmic ray muon detector design and configuration

The design goals of our cosmic ray muon detector include that (a) it should be at
a low cost and with portability in order to install affordable and identical detectors around
the world, (b) it should support remote data access and maintenance, and (c) the scin-
tillator tile should be large enough to be sensitive to the changes of local meteorologi-
cal parameters and the space weather. The key components of the detectors include three
plastic scintillator tiles (20cm x 20cm x lem) embedded with wavelength shifting fibers
as shown in Fig. 2. The purpose of using wavelength shifting fiber is to transport pho-
tons generated by a passing muon particle to a silicon photomultiplier (call SiPM) which
is mounted at the cut corner of the tile. Extensive simulation based on the GEANT4 soft-
ware package (Allison et al., 2016) has been performed to validate the design for light
collection uniformity and efficiency.

The detector signal readout is achieved by using a dedicated PCB mounted to a
low cost computer (Raspberry PI) readout, as shown in Fig. 3. The total cost of the read-
out hardware (including the PCB and the Raspberry PI) is less than 250 US dollars which
fulfill our design requirements. The Raspberry PI computer running Linux OS provides
the functionality of configuring, data taking, and remote access.
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wavelength shifting fiber

20 cm

Figure 2. Scintillator design of cosmic ray muon detector: (left) CAD model of scintillating
tile with an embedded wavelength shifting fiber; (right) a GEANT4 based simulated event dis-

play of scintillating photon collection.

8 channels

ETHERNET

The PCB is compatible with Raspberry Pl 3 or 4 (c)

Figure 3. Muon detector signal readout design: (a) front PCB with 8-channel connections at
the top; (b) backside of the PCB; (¢) A Raspberry PI 3 with a PCB mounted to its GPIO pins.

In our baseline design of the cosmic muon detector, the three scintillating tiles are
supported by an extruded aluminum frame as shown in Fig. 4. The separation distance
between layers 1 and 2 is equal to the distance between layers 2 and 3, which allows us
to make a quick check of the detector performance since one is expecting equal average
coincidence counts between layers 1 & 2 and layers 2 & 3. The plot in Fig. 4 shows the
time series of hourly muon flux (i.e., coincidence between layers 1 and 2 in red) percent
change in recent months. Also shown in the plot are the scaled percent changes of the
local atmospheric pressure and temperature at ground level, which clearly demonstrate
the well-known and classic trend of the correlation between muon flux and pressure.

In this exploratory study, we focus on analyzing data recorded from two detectors.
One of the detectors running on the GSU campus (to be referred to as Muon000) is in-
stalled on the 4th floor of a 5-floor building. Its GPS coordinate is 33° 44’ 56.38"” N
and 84°23'16.74” W with cutoff rigidity R, ~ 3.65 GV. The second detector was in-
stalled at the CHARA site on Mount Wilson on June 7, 2022 (to be referred to as Muon002).
Its GPS position is 34° 13/ 15.31” N and -118° 03’ 25.15” W with an elevation of 1,740
m and cutoff rigidity R. ~ 4.88 GV, as shown in Fig. 5

Cosmic ray flux is recorded every minute by both detectors and hourly data is then
used in the present study. Hourly pressure data for the considered period is downloaded
from automated weather observations provided by Iowa State University! used for the

I https://mesonet.agron.iastate.edu/
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Figure 4. The baseline muon detector setup is shown on left with the adjacent scintillator
layers 12.7 cm apart. The coincidence counts between layers 1 and 2, 2 and 3, and 1 and 3 are
recorded in every minute. The plot on right shows a time-series of the percentage change of the
hourly counts between layer 1 and 2 together with the precentages of ground level pressure and

temperature.

NEBRASKA

Chicago’ -~ -
----- ; . lowA ; .. l\/\

ZILLINOIS | H H PENN

United States otana

COLORADO KANSAS

i MISSOURI ¢

San Francisco
)

CALIl

Mount wusonwA :
' NEW MEXICO

SanDiegoo '

SOUTH |\ _

MISSISSIPP| AtlantaQ S CAROLINA

{ ALABAMA

TEXAS % GEORGIA

FLoUISIANAT, it B S g

‘ Hou%ton .
33° 30' 13.095" S 150° 22' 37.368" E %33" 44'56.383" N 84° 23' 16.737" W
Mt Wilson Observatory Altitude: 1,742 m Atlanta Altitude: 336 m

Figure 5. Cosmic ray muon detectors included in this study. The two detectors are ~3,500
km apart. The altitude of the detector on Mount Wilson is 1,742m and a higher muon flux is

recorded in this detector in comparison with the recorded muon flux in Atlanta.

pressure correction of muon counts. For comparison of muon flux vs neutron flux, an-
other data set used in this study is of neutron monitor (NM) counts from Oulu (65.05°N,
25.47°E) which is one of the well known and stable neutron detector stations actively
measuring neutron flux on the ground level. Oulu data is publicly available online?.

2.2 Solar activity and wind parameters

The solar wind and geomagnetic parameters used in this study are solar wind plasma
speed, density, B, component of Interplanetary Magnetic Field (IMF), kinetic energy,
planetary K, index, and disturbance storm time Dst index in Geocentric Solar Magne-
tospheric (GSM) coordinate system. Data deduction is done from the Low Resolution
OMNI (LRO) data set of NASA’s catalog®. Interplanetary shocks information for the
considered period of study is taken from the Database Of Notifications, Knowledge, In-
formation developed at NASA Community Coordinated Modeling Center (DONKI at

2 https://cosmicrays.oulu.fi/
3 https://omniweb.gsfc.nasa.gov/html/ow_data.html
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CCMC*) and a news archive of Space Weather Prediction Center at National Oceanic
and Atmospheric Administration (SWPC NOAA®).

3 Data Analysis

To quantify the cosmic ray flux modulations, it is important to have knowledge of
variations in solar and interplanetary parameters (Belov et al., 2005). The measured cos-
mic ray flux at ground level depends on the intensity of cosmic ray flux above the Earth’s
atmosphere and the atmospheric profile at the detector location. The atmospheric thick-
ness is directly associated with the local pressure measurements at the detector location
(Kobelev et al., 2011). In order to explore the sensitivity to space weather-related pro-
cesses and to represent the galactic cosmic ray intensities, calculation of barometric co-
efficient and applying pressure correction on data is a prerequisite (Dorman, 2004; Koldob-
skiy et al., 2022).

3.1 Barometric effect on muon flux and pressure correction

The very first step of the data analysis is to look at the time series of the recorded
cosmic ray counts and to identify the events of interest with large decrease of the counts.
Both Muon000 and Muon002 record muon counts in one-minute intervals. We sum the
minute-count into hourly counts and then calculate the percentage changes of the hourly
counts from the mean. Figure 6 shows the normalized percentage change of the hourly
muon counts for both detectors together with the hourly ground level pressure, at the
location of detector, over a time period ranging from June 24 to August 22, 2022. The
normalization is done by scaling the percentage change to the range of 0 to 1 using the
python built-in MinMaxScalar function.

As it is shown in Fig. 6, the muon fluxes from both detectors are in anti-correlation
with the observed atmospheric pressure. We remove the effect of pressure variation on
muon flux using equation 1 (Kobelev et al., 2011; Dorman, 2004; Koldobskiy et al., 2022):

Ni,corr = Nie_B(Pi_PO) (1)

Here N; and N; corr correspond to the recorded hourly and the pressure corrected muon
counts respectively. P; is the downloaded hourly pressure and P, represents the aver-

age pressure during the time period of this study. The barometric coefficient, 3, is ob-
tained by fitting a linear regression model between In( %;) and (P; — P,). The S val-

ues obtained from the fit are —0.2%/mb and —0.06%/mb for Muon000 and Muon002,
respectively. These values agree within the systematics to the previously reported g-values
(—0.114 %/mb to — 0.18%/mb) obtained from similar muons analyses reported in (De Men-

donga et al., 2013; Berkova et al., 2011; Dmitrieva et al., 2013).

It is well known that there is a seasonal variation of the muon flux, which is related
to the expansion of the atmosphere to a higher altitude in summer period. This study
only covers a two-month period in summer of 2022, we simply ignore the temperature
effects for the current analysis.

3.2 Cross comparison of cosmic ray detector data

As already stated in the introduction, the main objective of this study is to inves-
tigate the short-term correlation of the cosmic ray muon flux variations in a detector net-
work with solar and geomagnetic activity. Figure 7 shows the pressure-corrected percent-
age changes of the hourly muon counts from Muon000 and Muon002 in UTC time, plot-

4 https://kauai.ccmc.gsfc.nasa.gov/DONKI/search/
5 https://www.swpc.noaa.gov/news-archive
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for comparison, the data for which is obtained from the Oulu neutron station .

In the current reported time period of two months, the general trend of dips and

peaks in the time series of neutron counts is in strong visual correlation with the flux

percentage changes in both muon detectors. The Pearson correlation coefficient found
between Oulu vs Muon002, Oulu vs Muon000, and Muon002 vs Muon000 is 0.70, 0.20,

and 0.28 respectively. The differences in the time series among these detectors are at-

tributed to the detector locations with different geomagnetic cut-offs and altitude. For
Oulu NM and Muon002, the percentage flux variability ranges around +4 percent, while
for Muon000 percentage flux variability ranges around +6 percent. It is evident from Fig. 7
that for some specific time period, all detectors showed continuous decreasing flux per-

centage change corresponding to the lower number of counts. The decreasing trend in

form of negative peaks can be related to space weather activity events which are explained

in the next section.

3.3 Sensitivity of muon flux variation to

Solar activity causes variation in the cosmic ray flux that can have different mag-
nitudes and different time scales based on the detector geolocation (Maghrabi et al., 2021).
of the geomagnetic storm times is
presented in more details in Fig. 8. Besides these fluxes, we plot the time moments cor-
responding to the geomagnetic storms and interplanetary shocks according to the DONKI

The evolution of the cosmic ray fluxes in the vicinity

space weather activity

CCMC. We also tracked the news archive of SWPC NOAA for verifying the presence

of these space weather events. Although DONKI contains only two geomagnetic storms

in August 2022 (starting at 2022-08-07T21:00, and two subsequent storms at 2022-08-

17T18:00 and 2022-08-18T00:00), we mark one more

storm point at 2022-07-23T03:59
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Figure 7. Comparative analysis of cosmic ray flux time series from the Oulu neutron station

(top), Muon002 (middle) and Muon000 (bottom) after the atmospheric pressure correction.

which corresponds to a high-Kp level as shown in Fig. 8 and was reported® by SWPC
NOAA. One of the prominent features often seen in both detectors before geomagnetic
storm onsets is the steady decrease in the pressure-corrected muon counts sometimes sev-
eral hours before the storms (in Fig. 8 yellow segmented bars show 12 hours to the storms,
and two pinks bars mark the same intervals for ICMEs not related to the storm activ-

ities). The two minor geomagnetic storms (G1) and one minor to major (G1-G3) geo-
magnetic storm associated with Kp >5, strong Dst depression and negative Bz peaks show
a drastic shift of percentage flux change 12 hours prior to the closest approach of the ge-
omagnetic storms.

To quantify the level of sensitivity, we estimate the flux changing rate (i.e., slope)
at each of the geomagnetic storms with three time-interval in hours: +12, +6, and £3.
The flux change rates during these events for different time intervals are summarized in
Table 1. The presence of the preceding Interplanetary Coronal Mass Ejection (ICME)
shocks observed at L1 Lagrange Point by the Deep Space Climate Observatory (DSCOVR)
and the solar drivers of the ICME shocks (coronal mass ejections, CMEs, or high-speed
streams, HSS) is indicated in the footnotes of the table. As it is seen in Table 1, the com-
puted slope values are the largest for the first geomagnetic storm for all three detectors
of £3-hour, +6-hour and +12-hour interval. Similar dependence can be seen for other
events but with lesser steep slopes. After the occurrence of each geomagnetic storm, per-

6 https://www.swpc.noaa.gov/news/gl-minor-geomagnetic-storming-observed-23-july
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Table 1. Summary of the transient rates of muon and neutron flux percentage change at the times of

three geomagnetic storms. The rates are calculated in three time windows: 412 hours, +6 hours, and +3

hours with respect to the geomagnetic storm times.

| Slope in +12hr ( %/h)
GS17 [ GS2 [ GS3°

Muon000 | -0.27 | 0.03 | 0.20
Muon002 | -0.26 | -0.03 | -0.007
Oulu | -0.45 | -0.14 | -0.16

Slope in +6hr (%/h)
GSI | GS2 | GS3

-0.68 | -0.13 | 0.42
-0.18 | -0.41 | 0.13
-0.50 | -0.24 | -0.15

Slope in +3hr (%/h)
GSI [ GS2 | GS3

041 | 1.4 | -0.20
-0.14 | -0.03 | -0.06
-0.77 | -0.27 | -0.19

@ Geomagnetic Storm 1 (2022-07-23 03:59:00, G1). Preceding events: 2022-07-23 02:28:00 (IP), 2022-07-

21 01:36:00 (CME).

b Geomagnetic Storm 2 (2022-08-07 21:00:00, G1). Preceding events: 2022-08-07 00:45:00 (IP, HSS).

¢ Geomagnetic Storm 3 (2022-08-17 18:00:00, G1-3). Preceding events: 2022-08-17 02:14:00 (IP), 2022-08-
17 02:14:00 (CME).

centage flux change had its minimum value in the next 6 to 12 hours which is followed
by the recovery phase in time. During the third minor to major (G1 to G3) storm, there
were two days of geomagnetic disturbances caused by the multiple coronal mass ejections
near Earth starting on August 14, 2022. The continuous decrease of flux seen from Au-
gust 17 to 19 could be due to this effect.

Along with the flux behavior of muon detectors at GSU and CHARA, and of neu-
tron monitor in Oulu, Fig. 8 also illustrates the variations of the solar wind and geomag-
netic activity parameters during the time period of July 8 to August 22, 2022. One no-
tices that all the solar wind and geomagnetic activity parameters (total magnetic fields,
densities, flow speeds, plasma temperatures) start to become enhanced prior to the ge-
omagnetic storms / interplanetary shock times. B, and Dst also become negative, in-
dicating conditions favorable for the geomagnetic storm development. The Kp indexes
were strongly elevated during the events as well. DONKI indicates that all these three
events have associated interplanetary shock detected at the L1 point (on 2022-07-23T02:28,
2022-08-07T00:45, and 2022-08-17T02:14, correspondingly, indicated in the footnotes of
Table 1). A possible interpretation of the overall decrease in fluxes of muon and neutron
detectors is their relation to the Forbush decrease effect (Janvier et al., 2021), a result
of an interplanetary CME passing by the Earth and deflecting an additional fraction of
cosmic rays by an embedded magnetic field. This may indicate the sensitivity of the fluxes
measured by muon detectors (both Muon000 and Muon002) to space weather events.

For this short-term analysis, Pearson correlation coefficients between the flux vari-
ations of all detectors and the considered solar parameters were calculated, which were
found to be anti-correlated with flow rate, plasma temperature, and Kp index, whereas
the variations were correlated with Dst and density. Among the two muon detectors, Muon
002 was found to be more sensitive with correlation coefficients of —0.27 and —0.17 be-
tween the muon flux change and, the flow speed and temperature (K), respectively. These
values are close to the Oulu NM values which were —0.37 and —0.19 respectively. Also,

a direct correlation between the muon flux and, the Dst and the density, was found with
correlation coefficients of 0.20 and 0.17 respectively, while for Oulu NM the correspond-
ing values were 0.34 and 0.35.

—11—
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4 Summary and Outlook

In this paper, an exploratory study is carried out for assessing the feasibility and
sensitivity of a global cosmic ray muon detector network for monitoring space weather
activity. The results are based on the data recorded by a pair of identical detectors 3,500
km apart from June 24, 2022, to the end of August 2022. Our key findings are as fol-
lows:

1. Both muon monitor detectors installed at different locations/heights and corre-
sponding to different geomagnetic cut-off rigidities (Rc ~ 4.88 GV and Rc ~3.65
GV for detectors in Mount Wilson, CA and Atlanta, GA, respectively) demon-
strate similar patterns of their reaction to space weather events (decrease of fluxes
before and during the geomagnetic storms, see Table 1). Muon fluxes are also cor-
related with the neutron monitor fluxes measured at Oulu station, at much lower
geomagnetic cutoff rigidity (Rc ~0.8 GV).

2. In many cases, muon fluxes show a decreasing trend several hours before the ma-
jor geomagnetic storms and the trend continues during the storm period. A pos-
sible interpretation for these reductions is the effects of the interaction of cosmic
rays with the ICMEs and their shock fronts, i.e. the Forbush decreases.

3. Muon fluxes measured in two detectors are correlated with each other (Pearson
correlation coefficient of » = 0.28). The muon002 detector (installed at Mount
Wilson) is found to correlate with the parameters of the interplanetary solar wind
measured at L1 Lagrange point and the disturbance storm time index (r = —0.27,
r = —0.17 and » = 0.20 with the solar wind speed, temperature, and Dst, re-
spectively). These values are close to those found for neutron monitor at oulu sta-
tion r = —0.37, r = —0.19, and » = 0.34 respectively. Muon002 also demon-
strates a significantly higher correlation with the neutron monitor at Oulu station
(r =0.7) in comparison to Muon000 (r = 0.2).

It is evident that while reacting to space weather events, the muon detectors ex-
perience much stronger fluctuations of their signal. There are two possible reasons for
that behavior. First, there is a strong coupling of the muon fluxes to the properties of
the Earth’s atmosphere which we find in our following works. As pointed out above, the
detector on Mount Wilson (Muon002) demonstrates a much higher correlation with the
Oulu neutron monitor than the detector installed in Atlanta (Muon000). Muon002 is in-
stalled in a higher altitude with respect to sea level (h=1740m) than the detector in At-
lanta and, therefore, it has less air mass above it and has less impact on the muon fluxes
measured. A second possible reason is that the geomagnetic cutoff rigidities of muon de-
tectors (Re ~ 4.88 GV and Re ~3.65 GV, respectively) are several times larger than of
the neutron monitor at Oulu (Rc¢ ~0.8 GV) and, therefore, do not result in such a high
sensitivity to space weather as for Oulu. Choosing future locations at higher altitudes
of lower geomagnetic cutoff rigidities may help to confirm these possible reasons for sig-
nal volatility.

The sensitivity of the muon detectors to both the space and terrestrial weather prop-
erties represents, on one hand, a challenge to an interpretation of their signals and, on
the other hand, an opportunity to build novel diagnostics and prediction capabilities.
The affordability of the detector (the cost is slightly more than $1,000), its portability
and compact size, and low demands on maintenance (internet/WiFi and a standard power
supply) make it an ideal instrument for the expansion to the full-scale network. In the
future, we plan to expand the network of muon detectors and install them at different
locations for monitoring both the space and terrestrial weather properties.

—12—
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Open Research

The solar wind measurements onboard NASA’s Deep Space Climate Observatory
(DSCOVR) mission used in this study are openly accessible via the DSCOVR Space Weather
Data Portal (https://www.ngdc.noaa.gov/dscovr/portal/index.html#/). The data
from the Oulu neutron monitor are openly accessible via the Neutron Monitor Database
(https://www.nmdb.eu/). The atmospheric pressure data from two ground weather sta-
tions at Atlanta Intl Airport (ATL) and Los Angeles Downtown (CQT) used for the pres-
sure correction of muon monitors are openly accessible from the Iowa Environmental Mesonet
(https://mesonet.agron.iastate.edu/). The space weather indexes (Kp and Dst) were
obtained from the OMNIWeb database (https://omniweb.gsfc.nasa.gov/form/dx1
.html). The raw and pressure-corrected muon detector counts from muon000 and muon002
detectors are publicly available at the Zenodo (https://doi.org/10.5281/zenodo.7626767).
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