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Abstract The suppression of high-energy cosmic rays, known as Forbush decreases (FDs), represents a
promising factor in influencing the global electric circuit (GEC) system. Researchers have delved into these
effects by examining variations, often disruptive, of the potential gradient (PG) in ground-based measurements
taken in fair weather regions. In this paper, we aim to investigate deviations observed in the diurnal curve of the
PG, as compared to the mean values derived from fair weather conditions, during both mild and strong Forbush
decreases. Unlike the traditional classification of FDs, which are based on ground level neutron monitor data, we
classify FDs using measurements of the Alpha Magnetic Spectrometer (AMS-02) on the International Space
Station. To conduct our analysis, we employ the superposed epoch method, focusing on PGs collected between
January 2010 and December 2019 at a specific station situated at a low latitude and high altitude: the Complejo
Astronémico El Leoncito (CASLEO) in Argentina (31.78°S, 2,550 m above sea level). Our findings reveal that
for events associated with FDs having flux amplitude (A) decrease <10%, no significant change in the PG is
observed. However, for FDs with A > 10%, a clear increase in the PG is seen. For these A > 10% events, we also
find a good correlation between the variation of Dst and Kp indices and the variation of PG.

Plain Language Summary The Earth's atmosphere is constantly bombarded by highly energetic
charged particles originating from the Sun, our own Milky Way galaxy, as well as from distant galaxies. These
energetic charged particles penetrate Earth's magnetosphere and ionosphere and continually interact with the
Earth's atmosphere, and these interactions have a significant impact on our environment. In the context of our
research, we are specifically interested in a phenomenon known as Forbush Decreases. These occurrences
involve the temporary suppression of the flow of energetic charged particles. Our study focuses on
understanding how Forbush Decreases influence Earth's electrical activity, particularly in relation to the
atmospheric electric field, also known as the potential gradient. To do this, we have gathered data from a high-
altitude station situated at ~2.5 kms from the sea level. Our research findings have revealed that the potential
gradient in the atmosphere is exceptionally responsive to strong Forbush Decreases. In simpler terms, when
these suppression events take place, they have a noticeable and distinctive effect on the electrical characteristics
of Earth's atmosphere, which we measure as changes in the potential gradient.

1. Introduction

The global electric circuit (GEC) is a complex system that connects the Earth's surface with the lower atmosphere
(Haldoupis et al., 2017). This circuit involves various processes, including charge separation in disturbed weather
regions and current flows in fair weather regions. In disturbed weather regions, thunderstorms occur and they are
often referred to as “electric batteries.” These storms give rise to ascending vertical currents, moving from the tops
of thunderclouds to the lower boundary of the ionosphere. In contrast, in fair weather regions, there are
descending vertical currents, moving from the atmosphere to the ground. To complete the electric circuit, there are
currents that flow in two directions: (a) from fair weather to disturbed weather regions through the Earth's surface,
which includes both lands and oceans, and (b) from disturbed weather to fair weather regions through the upper
boundary of the circuit (Rycroft et al., 2008). The driving forces behind the GEC primarily include thunderstorms
and electrified rain/shower clouds (Liu et al., 2010; Wilson, 1921). In addition to these atmospheric phenomena,
the GEC can be influenced by high energetic charged particles from space. This influence is more pronounced at
high latitudes (Rycroft et al., 2012). This is because charged particles penetrate more easily the polar region of the
Earth's magnetic field. The GEC model supports the existence of an atmospheric electric field in fair weather
regions (low wind speed, low cloud cover, no hydrometeors), caused by thunderstorms and electric shower clouds
occurring in disturbed weather. This atmospheric electric field has a diurnal variation and is known as the

TACZA ET AL.

1 of 14



Y ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Space Weather 10.1029/2023SW003852

Carnegie curve after being discovered by the Carnegie Institute in the last century when multiple measurements
over the oceans were performed (Harrison, 2013). Measurements of the atmospheric electric field on land can be
disturbed by local effects such as natural radioactivity, convective processes in the planetary boundary layer, and
pollution among others (Nicoll et al., 2019). However, when these local effects are correctly identified it is
possible to study the impact of global effects (Tacza et al., 2020).

Cosmic rays consist of predominantly high-energy charged particles, such as protons and atomic nuclei, as well as
a smaller fraction of neutral particles, including neutrons and neutrinos, and photons, all with energies signifi-
cantly higher than the average energy of thermal particles in Earth's background plasma. They originate from
various sources, including extragalactic cosmic rays with energies reaching up to 10*' eV, galactic cosmic rays
(GCRs) up to 10'® eV, and solar cosmic rays with energies up to 15 — 30 GeV/nuc (Dorman, 2004). Upon
entering the Earth's atmosphere, cosmic rays interact with atmospheric particles, leading to the production of
secondary particles, including neutrons. These neutrons can then be detected by neutron monitors (NMs) installed
around the world (A global neutron monitor database (NMDB) can be found at https://www.nmdb.eu/). It is
known that solar disturbances can induce variations in cosmic ray flux. A typical example of such variation is the
phenomenon known as Forbush decrease (FD), characterized by sudden depressions in the cosmic ray flux
(Cane, 2000). FDs can be caused by both the more regular 27-day solar rotation cycle (Simpson, 1954) and the
transient Coronal Mass Ejections (CMEs). In both cases, variations of solar wind plasma parameters, including
magnetic field and density, hinders the propagation of high energy cosmic rays near the Earth, leading to the
decrease of cosmic ray flux. In the cases where the FDs are caused by solar rotations, Co-Rotating Interaction
Regions (CIRs) are often involved (Guo & Florinski, 2014). CIRs can lead to stronger solar wind turbulence and
affect particle diffusion coefficients. This will affect the GCR flux at 1 au, in a similar fashion as the seed
populations in large SEP events (Wijsen et al., 2023).

Classification of FDs is traditionally through NM data (Usoskin et al., 2008). NMs measure the flux of high-
energy neutrons on the Earth's surface. Because these neutrons are secondary cosmic rays, which are produced
when primary cosmic rays, typically protons or atomic nuclei, interact with the Earth's atmosphere, their fluxes
correlate with that of the primary cosmic rays. However, because the cascading process is complicated and
because the energy resolution of neutron monitors are very coarse, to obtain the corresponding decrease profiles
of the primary cosmic rays from NM data during FDs is very hard. In recent years, a number of space-born
detectors have obtained direct measurements of primary cosmic-ray spectra in space. Wang et al. (2023) used
daily proton data, measured by the Alpha Magnetic Spectrometer (AMS-02) on the International Space Station, to
study the rigidity dependence of a large number of FD events. Alania and Wawrzynczak (2008) had earlier
examined possible rigidity dependence of FDs. They assumed that the flux variation, dF in a FD event,
normalized by the pre-event flux F, is proportional to the particle rigidity to a power of y, that is, dF/F, ~ R™".
They showed that during the course of the 6-20 November 2004 FD event, a clear correlation between the in-
tensity decrease and the power law index y existed. They extend these to more events in a later work (Alania &
Wawrzynczak, 2012). However, Wang et al. (2023) found that in many FD events, an exponential functional form
fits better than a power law for the rigidity dependence. The Amplitude decrease we used in this work is based on
the work of Wang et al. (2023). The period of study was from 2011 to 2019. Direct measurements of primary
GCRs from ~1 GeV/nuc to above 10 GeV/nuc are obtained. Because these measurements are made at an orbit
altitude of >300 km, correlating these measurements with NM data around the globe can help to understand the
underlying physical cascading processes (e.g., the production rate of secondaries) of cosmic rays in the atmo-
sphere and the resulting measurements of PG (including its latitudinal and altitude dependence).

Several early studies have analyzed the FD effects on the GEC. These studies have focused on the disturbed and
fair weather regions with inconclusive results. In disturbed weather regions, using the World Wide Lightning
Location Network (WWLLN) data, Okike (2019) found a regional reduction in the lightning occurrence rate
after 4 days of the FD onset (18% in the USA latitude band and 9% in Africa). Okike and Umahi (2019) also
found a global lightning reduction of 3% on the same day of the FD onset. Due to the high day-to-day variation
of the GEC, Okike and Umabhi (2019) used the Superposed Epoch Analysis (SEA). The SEA is a statistical
method used to analyze time series data in order to identify common patterns or trends across multiple events
(Chree, 1913). The method involves aligning the events of interest to a common reference point (e.g., the onset
of the event), and then averaging the data across all events to create a composite waveform. This composite
waveform represents the average behavior of the system during the events of interest. Okike and Umabhi (2019)
defined the FD onset as the time when the cosmic rays reduction is maximum. In another two studies, applying

TACZA ET AL.

20of 14

9SULIIT suowwo)) aanear) a[qedtdde ay) Aq pauIaa0S A1 SAIIIR Y SN JO I[N 10 AIRIQIT AUIUQ AS[IAN UO (SUONIPUOI-PUB-SULID) WO’ KI[1M" KIeiqi[aut[uo//:sd)y) SUONIpUO) pue swIa ], 3y 23S [$z07/10/€0] U0 Areiqi auruQ A3[IA ‘TS8E00MSETOT/6TOT 01/10p/wod Ka[im Kreiqiaurjuo sqndnse//:sdny woiy papeojumoq ‘v “+70T ‘06ELTHS T



Y ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Space Weather 10.1029/2023SW003852

the SEA to the lightning data from the Lightning Imaging Sensor (LIS) on board the Tropical Rainfall
Measuring Mission (TRMM) Satellite from 1998 to 2014, Wu et al. (2019) and Zhang et al. (2020) found a
lightning activity decrease of 65% and 10%, respectively, after 3 days of the FDs onset. In these studies, the FD
onset was defined as the start of the decrease of the cosmic ray flux. The percentile difference between these two
studies could be due to the number of FDs analyzed. Wu et al. (2019) analyzed 28 FD and Zhang et al. (2020)
70 FDs.

In fair weather regions, Sheftel et al. (1994) used several mid-latitude stations and found an immediate increase in
the current density following the onset of six FD events, after applying the SEA. Here, the FD onset was defined
as the time of the maximum depression in the cosmic ray flux. In another study, Engfer and Tinsley (1999)
examined PG variation recorded at Mauna Loa (3,400 m asl) in association with FD events using the SEA (FD
onset was defined as the start of the decrease of the cosmic ray flux). The authors analyzed 93 FDs and found a
8.5% PG increase 4 days after the FD onset, however, the results were not significant. In yet another study,
Marcz (1997), upon examining data recorded at the Nagycenk Observatory (Hungary, altitude: 154 m asl) during
60 FD events, the author found, after applying the SEA, a 5% PG decrease 2 days after the FD onset. However, the
author pointed out that the results depended of the timing of the FD onset. Recently, Tacza et al. (2022) examined
FDs with magnitude greater than 4% as recorded by the IZMIRAN database and did not find any significant PG
variations, as recorded at the CASLEO observatory (18 events, high altitude station) and at the SWIDER ob-
servatory (15 events, low altitude station). The authors also defined the FD onset as the start of the cosmic rays
flux decrease. However, individual analysis for very strong FDs (magnitude greater than 7%) showed a PG in-
crease at CASLEO observatory. Clearly, there are disagreements on the PG effect of the FDs by these previous
studies. These disagreements could be due to the timing of the FD onset (i.e., start time of the decrease in the
cosmic rays flux or the time when the cosmic ray flux decrease was maximum), the number of FD events
analyzed, and the magnitude of the FDs selected in the studies.

The magnitude of FDs is quantified by the parameter “MagnM”, derived from a world-wide network of neutron
monitors, specifically for 10 GV rigidity particles (Belov et al., 2005, 2018). The “MagnM” value is calculated
using the Global Survey Method (GSM), a comprehensive technique developed by Belov et al. (2018). This
method combines worldwide neutron monitor data, incorporating corrections for geomagnetic and atmospheric
disturbances, device-specific characteristics, and various cosmic ray anisotropies. It employs a sophisticated
spherical analysis to deduce the galactic cosmic ray density and anisotropy, facilitating an accurate estimation of
cosmic ray flux variations outside the Earth's atmosphere and magnetosphere, with hourly precision (Belov
et al., 2018). Moreover, GSM's refinement for magnetospheric effects accounts for how geomagnetic distur-
bances modify the effective cutoff threshold rigidity and the asymptotic directions of incoming primary particles
across various neutron monitor stations. This adjustment is pivotal for the accurate assessment of cosmic ray
variations, ensuring that the GSM's outputs reflect changes in cosmic ray intensity with a high degree of precision.
Nevertheless this method is based on secondary neutrons measured at the ground to infer the flux of primary
cosmic rays for specific events. It therefore can cause uncertainty and ambiguity of the classification of FDs. This
ambiguity can be partially removed if one uses data of primary cosmic rays from, for example, the AMS-02
measurement onboard ISS, as done in Wang et al. (2023). In this work, we examine how the variations of pri-
mary cosmic ray intensity affects the GEC by using the amplitude reduction parameter proposed and computed in
Wang et al. (2023). Our current work is an extension of the analysis presented in Tacza et al. (2022) and uses
potential gradient data recorded between January 2010 and December 2019 at a high-altitude station in Complejo
Astronémico El Leoncito.

Our paper is organized as the follows. In Section 2, the observation site and methodology are described. In
Section 3, we present the results. Finally, we discuss and summarize our results in Section 4.

2. Site Location and Methodology

The CASLEO observatory is a place for observing astronomical phenomena located in an area known as “El
Leoncito.” This area has over 250 clear-sky days per year, with almost no wind and a clear, pollution-free at-
mosphere. The nearest town, Barreal, is located 40 km away. To measure the atmospheric electric field, a
BOLTEK field mill sensor is used, which records PG values (PG = —Ez, where Ez is the vertical atmospheric
electric field). The sensor is mounted on a steel support 0.4 m above the surface. The PG values are reduced to the
value at free flat area at ground level and 1-s averages of the PG are processed.
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Table 1
List of Forbush Decreases Events Examined in This Study
FD onset FD max decrease IZMIRAN AMS-02 Source
Event Date—Time (UT) Date—Time (UT) MagnM (%) A (%) Activity
1 2011.06.22—03:00 2011.06.24—00:00 4.1 8.3 CIR
2 2011.08.05—17:51 2011.08.05—21:00 4.8 13.6 ICME
3 2011.09.26—12:35 2011.09.27—00:00 5.1 19.3 ICME
4 2011.10.24—18:31 2011.10.25—00:00 6.5 10.3 ICME
5 2012.06.16—20:19 2012.06.18—00:00 4.0 12.8 ICME
6 2012.07.14—18:09 2012.07.15—15:00 7.6 19.4 ICME
7 2012.11.12—23:11 2012.11.13—15:00 4.1 6.7 ICME
8 2012.11.23—21:51 2012.11.25—00:00 3.6 6.9 ICME
9 2013.03.17—05:59 2013.03.19—00:00 43 14.1 ICME
10 2013.04.13—22:54 2013.04.15—00:00 44 7.9 ICME
11 2013.06.23—04:26 2013.06.24—00:00 5.3 4.1 CIR
12 2014.02.27—16:50 2014.02.28—15:00 4.9 10.0 CIR
13 2014.04.18—02:00 2014.04.20—00:00 3.0 9.6 ICME
14 2014.06.07—16:52 2014.06.08—00:00 39 NA? ICME
15 2014.12.21—19:11 2014.12.22—18:00 6.0 16.9 ICME
16 2015.03.17—04:45 2015.03.18—00:00 5.6 12.7 ICME
17 2015.06.22—18:33 2015.06.23—00:00 9.1 15.2 ICME
18 2015.08.25—23:00 2015.08.26—03:00 35 5.9 ICME
19 2015.11.06—18:18 2015.11.07—02:00 3.1 3.5 ICME
20 2017.07.16—05:59 2017.07.16—18:00 5.8 14.2 ICME
“We treat this event as A < 10 when performing the SEA.
The term “fair-weather conditions” refers to weather conditions with little or no cloudiness, no precipitation, fog
or dust, and no strong wind speed at the measurement site. Previous research has shown that reliable PG diurnal
variations can be obtained under fair-weather conditions at CASLEO (Tacza et al., 2021). To ensure that fair-
weather conditions are met at CASLEO, a Cloud Sensor II (Boltwood Systems Corporation) and a Vantage
Pro (Davis Instruments) are used to monitor cloudiness and other meteorological parameters such as precipitation,
wind speed (<6 m/s), and relative humidity (<90%). Harrison and Nicoll (2018) have proposed that a relative
humidity of <95% (and visibility of 2—5 km or greater) is necessary to fulfill the criterion of lack of hydrometeors
using automated measurements.
We correlate the PG data with FD measurements examined in Wang et al. (2023). Recently Wang et al. (2023)
examined FDs using AMS-02 observations onboard ISS. Unlike previous studies that using neutron monitor data
on the Earth's surface, the study of Wang et al. (2023) used daily proton flux data from the AMS-02 instrument to
identify and classify 142 FD events between May 2011 and October 2019. Since the orbit of ISS is at an altitude of
~370-460 km, the FDs observed in Wang et al. (2023) are in the ionosphere. One might expect that the global
electric circuit is less affected by conditions up high in the ionosphere, however, as our analyses below show,
there is a clear correlation between PG and large amplitude FDs observed by AMS-02.
Upon examination we find 20 FDs reported in Wang et al. (2023) had fair weather conditions at the CASLEO
station. These FDs are shown in Table 1. The first column of Table 1 is event number. The second and third
columns show the FD onset and maximum decrease times. The fourth column is the magnitude of the decrease (in
percentage) provided by the IZMIRAN catalog (http://spaceweather.izmiran.ru/eng/dbs.html). The fifth column
is the FD Amplitude A. This value is obtained by fitting the normalized FD amplitude rigidity spectrum with an
exponential form as (Wang et al., 2023),
®,m = C—axe R (1)
TACZA ET AL. 4 of 14
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Figure 1. Amplitude parameter A used in this work. Data points with uncertainty bars are the daily Rigidity spectrum for a FD
on 15 February 2012 (the minimum flux day), normalized to the reference spectrum on 13 February 2021, the day before the
onset of the ICME on 14 February 2021. The red solid line is the exponential fitting using Equation 1; the red dashed line is
the asymptotic value of the fit. Amplitude is shown by the orange segment. It is the difference between the fitted @ at 2 GV
and the asymptotic value C. Also indicated by the dotted green line is the Maximum Affected Rigidity R,,. Above R,,, a
constant fit yields better y* than the exponential fit. Adapted from Wang et al. (2023).

where @, is the normalized cosmic ray flux (with respect to pre-event flux) measured at the day when the FD
reaches its minimum, R is the rigidity, and C is the asymptotic value of ®,,_,,, as R — oo. The amplitude A is the
difference between the fitted @ at 2 GV and the asymptotic value C. This is illustrated by the orange line segment
in the cartoon shown in Figure 1. Besides the amplitude A, Wang et al. (2023) also identified the Maximum
Affected Rigidity R,,, which is the rigidity up to which the effects of Forbush decreases (FDs) on Galactic Cosmic
Rays (GCRs) are still significant. We do not consider the effect of R;, on the GEC in this work.

In Wang et al. (2023), FDs of two different types are considered. The first type of FD is caused by Interplanetary
Coronal Mass Ejections (ICMEs) and the second is caused by Corotating Interaction Regions (CIRs). Wang
et al. (2023) found that the FD amplitude of ICME FDs has a moderate correlation with the minimum Dst index
and several solar wind parameters, such as maximum temperature, pressure, and magnetic field. However, for
CIR FD events, neither the FD amplitude nor the Maximum Affected Rigidity showed a significant correlation
with solar wind parameters. As can be seen in Table 1, in our study only three events are CIR events. Furthermore,
only one of them has A > 10%. Since FD caused by ICMEs also correlate with the Dst index, we therefore also
examine the correlation between PG and the Dst index (and the Kp index).

We divide FD events into two categories. One is mild FDs with A < 10% and one is intense FDs with A > 10%. We
then analyze the PG diurnal variation, in fair weather conditions, during mild and intense FDs separately. In order
to remove possible SPE effects (Tacza et al., 2018), we have limited our choice of FDs to those where SPEs did
not occur one (four) day before (after) the FD onset. PG hourly values that did not meet fair weather conditions
were removed.

For the analysis of the PG data, we follow closely to Tacza et al. (2018): first, monthly mean curves of the PG
diurnal variation, in fair weather conditions, were calculated for each month (referred to as monthly standard
curves). Next, for each FD event, a time window of 168 hr (7 days) before and after the minimum time of the event
is used, where the minimum time (with time resolution of an hour) of the FD is defined as the maximum of the FD
decrease observed in three Neutron Monitor stations (Oulu-Finland, Rome-Italy and Athens-Greece NM have
been used). We do not use ISS/AMS-02 data to identify the minimum time because ISS/AMS-02 data is of 24 hr
resolution. Next, in every time window, the differences between the PG hourly values and their monthly standard
curves were calculated to get the PG excesses, that is, the calculated deviation of the PG from the mean value,
further referred to in the text as PG deviation. Finally, the superposed epoch analysis (SEA) is applied to the PG
deviation with time zero chosen as the minimum time. We remark that the choice of a threshold of A = 10% is to
have roughly equal number of events in each group. It is therefore somewhat arbitrary. In subsequent work, when
the sample size is larger, we will test how changing the threshold value can affect the result. This will be done in a
similar way as in Ding et al. (2014). Such a study can help us to identify the best value of A above which FDs can
sensitively affect the GEC system.
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Figure 2. Superposed epoch analysis of the Potential Gradient (PG) deviation response to Forbush Decreases. The gray lines
show the result of 30,000 iterations (with different time zero) of the SEA for the 10 FD events with A < 10% in panel (a) and
10 FD events with A > 10% in panel (b). The solid red line is the average of the iterations and the dashed red lines represent
+30 (o is the standard deviation).

3. Results

In this section we present the behavior of the PG recorded at CASLEO (PG CASLEO), during Forbush Decreases
(FD). Figure 2a shows the result of the superposed epoch analysis applied to the PG CASLEO deviations (black
line) during ten (10) FDs with A < 10%. The time zero is chosen at the minimum of the FD. The error bars
represent one standard error of the mean. Each gray line is the result of the superposed epoch analysis choosing a
random minimum time for the 10 FDs (30,000 iterations). The solid red line is the average of the iterations, and
the dashed red lines are +30 (o is the standard deviation) of the average (a 99.6% confidence level). No significant
PG deviation is found between r = —150 and # = +150 hr (if there is a cause-effect relationship, we are interested
in period for 7 > 0). In comparison, Figure 2b presents the results of the epoch analysis for FD events with A > 10%
(10 events). A clear increase of ~25 V/m in the PG (lasting ~5 hr) is observed after the FD minimum. The peak of
APG is roughly at # = 2 hr. Of these 10 events, three are large FDs, showing strong NM decreases on the Earth's
surface. These are the 2015.06.22, 2012.07.14, and 2017.07.16 events in Table 1. Their percentage decreases,
given by the MagnM parameter, provided by the IZMIRAN NM database, are 9.1% (1st), 7.6% (2nd), and 5.8%
(5th) respectively. Their amplitude A determined from AMS-02 measurements are 15.2% (4th), 19.4% (1st), and
14.2% (5th) respectively. These events were analyzed individually by Tacza et al. (2022) and showed a significant
PG increase during the FD. To see if these three events dominate the SEA analysis, we also remove these three
events from our analysis to evaluate its impact on our results. This is shown in Figure 3 where the black solid line
represents the epoch analysis for all 10 events and the blue solid line for the seven events without including these
three. Note that the X axis is £2 days from the zero time. The increase of PG around 7 ~ 1 hr is still significant at
the £30 level but lasting shorter (only 1 hr).

If the FDs do affect the measured PG, it must be through the change of the ionization of the atmosphere. If the
atmosphere ionization profile responded to FDs right away when FDs start, one might expect that there could also
be signal of a APG when the time zero is chosen as the start time of FDs. This is shown in Figure 4. Panel (a) of
Figure 4 shows the result of the SEA applied to the PG CASLEO deviations (black line) during the ten (10) FDs
with A < 10%. Again, the error bars represent one standard error of the mean. Each gray line is the result of the
superposed epoch analysis choosing random minimum times for the 10 FDs (30,000 iterations). The solid red line
is the average of the iterations, and the dashed red lines are =30 (o is the standard deviation) of the average (99.6%
confidence level). No significant PG deviation is found after the zero time. In the same way, Figure 4b presents
the results of the epoch analysis for FD events where A > 10% (10 events). We find no significant PG deviation at
the 30 value. However, at 2.5¢ level, we can see that at about ¢ = 25 hr, there is a peak of APG. Since the FD
minimum often occurs about 1 day from the FD onset, this peak is the manifestation of the peak occurred in
Figure 2b. Comparing Figures 2b and 4b, we see clearly that the FD minimum time is a better indicator than the
FD onset of PG variation.

Since Wang et al. (2023) found that the FD amplitude of ICME FDs has a moderate correlation with the minimum
Dst index and certain solar wind parameters, and since most of the events in our study are ICME FDs (see
Table 1), we now examine the correlation between PG and the Dst and Kp indices.
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[ Figures 5 and 6 show the SEA for different geomagnetic parameters for the
40— FD events with A < 10% and A > 10%, respectively. The zero time indicate

20,

CASLEO APG (V/m)
=)

20+

the maximum decrease of the galactic cosmic ray flux. The temporal variation
of the interplanetary magnetic field (IMF) and the z-component of the
magnetic field are shown in the top panel (black and red curves, respectively).
The second panel shows the solar wind plasma speed (km/s). The third panel
shows the Dst and Kp indexes (black and red curves, respectively). The fourth
panel show the neutron monitor counts, in percentage, for three different
stations (Oulu, Rome, and Athens). The last panel shows the PG CASLEO
deviation (black curve). This the same as shown in Figures 2a and 2b. The
error bars in all panels show the standard errors from the 10 events in the SEA.
For FD events with A < 10% (Figure 5), the IMF has a value of ~10 nT around
the zero time, the Bz reaches a value of ~4 nT some hours before the zero time

-40

Figure 3. Similar to Figure 2b but with the blue line indicating the epoch

-20

0
Time from the minimum of the Forbush Decrease (hours)

20 40 and drops to ~—2 nT 12 hr after. The solar wind speed maintains a plateau for
a 2-day period (from 1 day before to 1 day after time zero) at ~480 km/s. The
Dst (Kp) index reach its minimum (maximum) value of ~—35 nT (~3) 18 hr
after time zero. The NM data for all three stations reach their minimum at time

analysis without the three strongest FDs examined in Tacza et al. (2022). See

text for details.

zero. The rigidity of these three NMs are 0.81 GV (Oulu), 6.27 GV (Rome),

and 8.53 GV (Athens). Finally, the PG deviation is shown in the 5th panel.
The PG deviation does not show any significant variation near time zero, nor is there any correlation between PG
deviation and Dst/Kp indices (or solar wind parameters). For FD events A > 10% (Figure 6), the IMF has a value
around ~19 nT at time zero. Bz has ~4 nT 1 day before time zero, then the values start to decrease reaching a
minimum of ~—7 nT ~ 6 hr before time zero. For the solar wind, it is interesting to note that the value starts to
decrease 5 days before = 0 and reaches a minimum (340 km/s) 2 days before time zero. It then increases reaching
a maximum value (550 km/s) at time zero. The Dst (Kp) index reaches its minimum (maximum) of —95 nT (5) at
time zero. For NM data, the Oulu NM reaches its minimum (a 3% decrease) at time zero, but the Athens NM
reaches its minimum (a 2% decrease) 1 day after time zero. The Rome data shows a clear decrease at time zero, but
has a rather plateau-like minimum between ¢ = 0 and ¢ = 2 days. The difference among different NMs could be
due to their different rigidities. We note that there is clear daily variations of the NM data in all three NMs. The
daily variation in GCR flux detected by NMs is primarily caused by local anisotropy due to the diffusion of GCRs
(largely along the interplanetary magnetic field) and the solar wind convection. Additionally, the asymmetry of
the Earth's magnetosphere and the day-night difference in atmospheric structure contribute to this diurnal vari-
ation (Oh et al., 2010). Finally, the PG deviation is shown in the 5th panel. The increase of ~28 V/m at ¢t ~ 2 hr
correlates very well with the dip (peak) of the Dst (Kp) index.

Perhaps the most important result of this work is the finding that there is significant increase of PG during FD
events that have A > 10%, but not for FD events that have A < 10%. Furthermore, for FD events with A > 10%,

E E
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Figure 4. SEA of the PG deviation in response to FDs. Similar to Figure 2 but with the time zero for the SEA chosen to be the
start of the FDs. Panel (a) is for the 10 events with A < 10% and Panel (b) is for the 10 events with A > 10%. In both panels,
the gray lines show the result of 30,000 iterations doing the average of the at different times. The solid red line is the average
of the iterations and the dashed red lines represent £3¢ (o is the standard deviation).
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Figure 5. SEA of various solar wind parameters and the Dst/Kp indices for FD events with A < 10%. From top to bottom these
panels are: the temporal variation of the interplanetary magnetic field (IMF), the z-component magnetic field (Bz), the solar
wind plasma speed, the Dst and Kp indices, the neutron monitor data, and the CASLEO PG data. The panel of the CASLEO
data is the same as shown in Figure 2a. In all panels, the vertical dotted line indicates time zero.
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40F T ] there appears to be a clear change of Dst/Kp at time zero, which correlates
E ] with the increase of PG shortly after time zero (~2 hr), but not for events with
30; E A < 10%. These findings are best illustrated in Figures 5 and 6. Comparing
E Figures 5 and 6, we find that,
< 20 E i » E e First, during FD events with A > 10%, the Dst and Kp indices are affected
E +15 1 more than FD events with A < 10%. This finding alone suggests that the
: P2 ;620 iy amplitude parameter A from AMS-02/ISS measurement is a better
10 =1 Fund ™ il 3 parameter than the IZMIRAN MagnM parameter in signaling a change of
T o the geomagnetic field (i.e., Dst/Kp indices). This is perhaps not too sur-
of it . ‘ ‘ ‘ 1 prising since the amplitude parameter A is defined on 2 GV GCRs at an
0 4 8 10 12 altitude of ~380 km above sea surface and the MagnM parameter is most
FD MagnM sensitive for 10 GV GCRs at sea level. Since GCRs of higher rigidity is

Figure 7. The scatter plot of A and the [IZMIRAN MagnM values of the FD
events reported in Wang et al. (2023). The small black dots are events
without PG data; blue “+” are events with A > 10%; and red “+” are events
with A < 10%. Event numbers are labeled next to the symbols.

less affected by the geomagnetic field, so it is expected that 2 GV GCRs is
more sensitive to geomagnetic field change than 10 GV GCRs. Further-
more, at an altitude of ~380 km, the AMS-02/ISS observation is closer to
the boundary of Earth's magnetosphere than those NMs on the ground,
therefore less affected by interaction with Earth's atmosphere; Conse-
quently, one expects that the amplitude A measured at AMS-02/ISS is a
better indicator for an increase of PG than NM observations on the ground.
Second, for FD events with A > 10%, there is strong correlation between APG and the variation of Dst/Kp
indices; but for FD events with A < 10%, no such correlation exists because APG shows no discernible pattern
for the entire period of +6 days from time zero. This suggests that for FDs with A > 10%, the change of Earth's
magnetic field, as indicated by the Dst/Kp index, may affect the penetration of GCRs into Earth's atmosphere
up to a level such that the ionization of the Earth's atmosphere is significantly altered, leading to the increase of
PG. The interesting thing to notice is that for A < 10% events, the Dst index in Figure 5, like APG, does not
show a clear change around time zero. The Kp index, however, does show an enhancement around time zero.
So, it appears that for FD events with A < 10%, while the Kp index shows some correlation with GCR de-
creases measured by NMs on the ground, the Dst index behaves more like the PG. This raises the question:
why does the increase of PG during FD events correlate well with the Dst index? And why do the PG and Dst
index only show significant changes for FD events with a large A? Future study to answer these questions
should be pursued.

A practical question is why to use A to classify FD events, but not the IZMIRAN MagnM value? From Table 1, we

see that in general a larger A tend to have a larger MagnM. Figure 7 is a scatter plot of the amplitude A and the
MagnM value for the FD events examined in Wang et al. (2023). There is a general correlation between A and
MagnM. Indeed, if we choose MagnM = 4.5% as the threshold to perform the SEA, we obtain similar results as
choosing A = 10%. This is shown in Figure 8. For 10 FD events with MagnM >4.5%, we find that the PG shows a
peak at the 3-¢ level around ¢ = 2 hr; for 10 FD events with MagnM < 4.5%, PG shows no signal at or after time
zero. This is as expected, since 8 out of 10 events in Figure 2a (b) and Figure 8a (b) are the same. Comparing

CASLEO APG (V/m)
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<
@]
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-
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Figure 8. Similar to Figure 2, but using MagnM = 4.5% as the threshold instead of A = 10%. Panel (a) is for FDs with a
MagnM < 4.5% and panel (b) is for FDs with a MagnM > 4.5%.
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Figures 2b and 8b, we see that events 5 and 9 in Figure 2b are replaced by events 11 and 12 in Figure 8b. This,
however, did not lead to a significant difference between these two figures. We have also performed SEA of 12
events with the threshold as A > 10% or MagnM > 4.5% and the result (not shown here) is similar to Figures 2b
and 8b. We expect that when more events have the A value available, a more accurate threshold could be
identified. This will be pursued in a future work.

There are several reason why we choose A to classify FD in this study. First, A has a larger range than the FD
MagnM value. For our events examined in this study, we have range of A from 3% to 20%. This is to be compared
with the range of MagnM, from 3% to 9%. Second, as shown in Figure 7, the scatter of the correlation between A
and MagnM can be large. For example, for events with MagnM between 5% and 5.5%, their A values has a large
spreading from 4% to 19%. Conversely, for events with A > 10%, their MagnM values vary from 4% to 9%. If we
consider all events studied in Wang et al. (2023) (including the black symbols in Figure 7), this scattering is even
larger, the MagnM values now range from 2.5% to 9% (excluding the one outlier with A = 35%,
MagnM = 11.25%). Finally, as we discussed earlier, A measures the primary GCRs at an altitude of 380 km and
contains no complications involved with the generation of secondary particles. In comparison, the MagnM
measures the secondary neutron at ground. To compute the MagnM value, NMs at different locations are needed.
We therefore expect using A to provide a more accurate estimate of the primary GCR reduction during FD events.

A lot of efforts have been put forth to obtain the primary cosmic ray spectrum from NM count rates at the ground.
Clem and Dorman (2000) used the FLUKA package to follow the transport of particles through atmosphere and
determined the detection response (i.e., the response function) of different neutron monitors. Similar approaches,
using the PLANETOCOSMICS GEANT-4 simulation tool, has been taken by Mishev et al. (2013, 2020).
Recently Xaplanteris et al. (2021) have adopted a Quantum Field Theory approach to examine the interaction of
very high energy cosmic rays with atmosphere and compute the response function. These studies are based on
Monte-Carlo simulations and aim to map the NM counting rates at the ground to the primary cosmic ray spectrum.
Using the Neutron Monitor Database (NMDB), one can obtain real-time updates on the change of the primary
cosmic ray flux (often due to Ground Level Enhancement Events and FDs) (Mavromichalaki et al., 2011). It is
conceivable that one can add an intermediate step, corresponding to the ISS location, during the Monte-Carlo
simulation and obtain a mapping between NM counting rates and the GCR spectrum at the ISS (assuming
there is a clear difference between ISS and L1). Comparing ISS data with this mapping can provide further insights
to the interaction of cosmic rays with Earth's atmosphere. We remark that in a recent work, McJannet and
Desilets (2023) compared count rates from different NMs against that from a reference NM (e.g., the Climax NM)
and found that there exists one single parameter (which is location dependent) that allows one to compute any NM
counts from a reference NM counts. This is validated for quiet time, but not during CMESs, which, in part could be
due to configuration change of the Earth's magnetosphere during CMEs. The effect of magnetosphere on the
propagation of cosmic rays are often described by a single parameter, the effective geomagnetic cutoff R, which
depends on latitude and longitude. In computing R,., configuration of Earth's magnetic field has to be given, which
of course, can change when a geomagnetic storm occurs. Nevertheless, once the coupled system of the solar wind
and Earth's magnetosphere is prescribed (Lin & Wang, 2005; Omelchenko et al., 2021), one can use Monte-Carlo
simulations, for example, as in Larsen et al. (2023), to investigate the transport of cosmic rays in Earth's
magnetosphere.

In our context, a study to examine and understand the relationship between A and the decrease of neutron rates by
NM:s around the globe would be helpful to understand the PG measured at various stations. The coupling between
NM counting rate and the primary cosmic ray spectrum requires the knowledge of the Earth's atmosphere density
and its composition, etc., which can be uniquely identified by, for example, Planet Specification File (PSF). With
this knowledge, one can in principle compute the atmosphere ionization profile at any particular location. Such a
practice has been earlier exercised by Usoskin et al. (2010), and more recently by Winant et al. (2023). Using a
GEANT-4-based Atmospheric Radiation Interaction Simulator (AtRIS) toolkit (Banjac et al., 2019), Winant
et al. (2023) examined ionization profiles at multiple locations for an extended period in 2014, focusing on clear
seasonal effect. Such a calculation during specific FDs would be necessary to interpret the PG observations. This
will be pursued in a future work.
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4. Conclusions

Solar Energetic Particle events (SEPs) and Forbush Decreases of GCRs are two important Space Weather events.
Over the past decades, they have been speculated to be also able to affect the global electric circuit (GEC), and
through which, affecting the weather patterns such as thunderstorms and lightnings on the Earth. Tacza
et al. (2022) performed SEA on 17 large SEP events and showed that at the 2.5¢ level, there is a correlation
between SEP flux increase and PG increase at fair weather conditions. Less clear is the effect of FDs on PG.
Previous studies seem to have reached different conclusions. The work of Tacza et al. (2022) examined three
individual large FD events and showed that PGs in all three events increase shortly after the FDs reach their
maximum GCR reduction.

In this work, we extend (Tacza et al., 2022) and perform a statistical study to examine the correlation between PG
variations and Forbush Decreases. Unlike previous work where FDs are classified by ground Neutron Monitor
data, we classify FD events using primary GCR measurements obtained by the Alpha Magnetic Spectrometer
(AMS-02) onboard the International Space Station. Specifically, we use amplitude A defined in Wang
et al. (2023), instead of the often used parameter MagnM, to classify FD events. Comparing to NMs which
obtained secondary neutrons with a coarse energy resolution at the ground, the AMS-02 measurements directly
measure the primary cosmic rays at a higher altitude with a much finer energy resolution. Consequently, it offer
better energy resolution and lower systematic uncertainties and may help us to reveal more precisely the causality
relationship between FD and increase of PG. For PG data, we use that recorded at CASLEO (low latitude, 2550 m
a.s.l.) during fair weather conditions. A total of 20 events were identified which have both AMS-02 GCR
measurement and PG fair weather measurement. In order to enhance some possible weak effects, we applied the
SEA method and remove the noise produced by meteorological parameters. We find that for FD events with
A > 10%, there is significant increases of PG shortly (~2 hr) when FD reaches its maximum reduction, but not for
FD events that have A < 10%, as shown in Figure 2. Furthermore, for FD events with A > 10%, there appears to be
a clear change of Dst/Kp at time zero, which correlates with the increase of PG shortly after time zero (~2 hr), but
not for events with A < 10%, as shown in Figures 5 and 6. We note that FDs with large MagnM often have large A,
and vice versa. However, the scattering can be large, as shown in Figure 7. Because the range of the A is larger
than the range of MagnM, it is desirable to use A as the variable when examining the PG variations. Our findings
suggest that large FDs (A > 10%) can significantly affect the GEC, leading to an increase of PG after the FDs
reach their maximum. This effect is closely related to the change of the Earth's magnetosphere configuration since
the Dst/Kp indices also show significant changes. In future works, we will examine PGs from other stations to
examine if the PG variation show clear latitude and altitude dependence. We will also examine how the threshold
of A can affect the conclusion.

Data Availability Statement

Solar and geomagnetic indexes (IMF, Bz, solar wind speed, Dst, and Kp indexes) are publicly available from
https://omniweb.gsfc.nasa.gov/form/dx1.html. Neutron monitor data are publicly available from https://www.
nmdb.eu/nest/. Original data for all events and plots presented in the paper are archived in a dataset (Tacza
et al., 2024).
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