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1. INTRODUCTION

Galactic Cosmic Rays (GCRs) are high-energy charged
particles, primarily protons and alpha particles, that
continuously propagate into the heliosphere from interstellar
space. Their transport is governed by a combination of
diffusion, convection, gradient and curvature drift, and
adiabatic energy changes, as described by the Parker transport
equation [1-4]. These processes collectively determine the
spatial and temporal variation of cosmic ray intensity
throughout the heliosphere.

On long timescales, cosmic ray intensity exhibits a well-
established inverse correlation with the solar activity cycle,
reflecting enhanced heliospheric magnetic turbulence and solar
wind disturbances during solar maxima [5,6]. Increased solar
activity strengthens the heliospheric magnetic field and
enhances scattering processes, thereby reducing the penetration
of GCRs into the inner heliosphere. In contrast, during solar
minimum conditions, reduced magnetic turbulence allows
greater access of high-energy particles to near-Earth space.

On shorter timescales, transient solar eruptive events such as
solar flares and Coronal Mass Ejections (CMEs) produce abrupt
and significant modulations in cosmic ray flux. These variations
include both decreases and enhancements in cosmic ray
intensity, depending on the nature of the interplanetary
disturbance. Recent observational studies have further
highlighted the close association between solar eruptive events
and cosmic ray modulation, particularly in relation to Ground
Level Enhancements (GLEs) and short-term CRI fluctuations
[7-9].

The most prominent short-term decrease is the Forbush
Decrease (FD), first identified by Forbush [10,11]. These events
are characterised by a rapid reduction in cosmic ray intensity
followed by a gradual recovery phase [12,13]. Typically, the
main phase of an FD occurs within 12-24 hours, whereas the
recovery phase may extend over several days to weeks,
depending on the scale and structure of the interplanetary
disturbance.

Modern observations indicate that FDs are closely associated
with Interplanetary Coronal Mass Ejections (ICMEs) and often
exhibit a two-step profile corresponding to distinct
substructures within the ICME [14-16]. The initial decrease is
generally attributed to the turbulent shock-sheath region
preceding the ICME, while the second step is associated with
the passage of the magnetic cloud or flux rope structure.

The shock-sheath region enhances magnetic turbulence and
plasma compression, leading to increased scattering of GCRs.
In contrast, magnetic clouds, characterised by strong, organised
magnetic fields, act as closed magnetic structures that inhibit
particle entry [17,18]. These combined effects create efficient
diffusion barriers within the heliosphere, significantly reducing
cosmic ray intensity [19]. Similar modulation patterns have also
been reported in recent studies of solar energetic particle events
and cosmic ray enhancement phenomena [20,21].
Simultaneously, these solar wind disturbances are the primary
drivers of geomagnetic storms [22,23]. When the Interplanetary
Magnetic Field (IMF) exhibits a sustained southward
component (Bz < 0), magnetic reconnection at the
magnetopause facilitates efficient energy transfer into Earth's

magnetosphere, leading to enhanced geomagnetic activity [24].
However, despite sharing a common solar origin, FDs and
geomagnetic storms differ in their physical dependencies.
Cosmic ray modulation is primarily controlled by the
magnitude and turbulence of the IMF, whereas geomagnetic
storms depend strongly on the orientation of the IMF,
particularly the southward Bz component [25]. This
fundamental difference results in complex and sometimes weak
correlations between cosmic ray intensity (CRI) and
geomagnetic indices such as Dst and Kp.

Understanding these coupled processes is essential for
advancing our knowledge of heliospheric physics and
improving space weather forecasting capabilities. Accurate
characterisation of cosmic ray modulation provides valuable
insight into the structure and dynamics of interplanetary
disturbances and their potential impact on technological
systems and human activities in space [26-28].

2. Physical Mechanisms of Modulation

The modulation of Galactic Cosmic Rays within the heliosphere
is governed by a complex interplay between large-scale
magnetic field structures, solar wind dynamics, and plasma
turbulence. These processes affect both the transport and
diffusion of energetic particles and are particularly enhanced
during transient solar events such as CMEs and high-speed
solar wind streams.

2.1 Role of the Interplanetary Magnetic Field (IMF)

The Interplanetary Magnetic Field (IMF) plays a central role in
regulating cosmic ray propagation by controlling particle
diffusion and scattering processes. The diffusion coefficient of
cosmic rays is inversely proportional to the strength and
irregularity of the magnetic field, meaning that stronger and
more turbulent magnetic fields significantly reduce particle
mobility [29-31].

During CME-driven disturbances, the IMF becomes highly
compressed and turbulent, particularly within the shock-sheath
region. This enhanced turbulence increases pitch-angle
scattering of cosmic ray particles, effectively reducing their
mean free path and limiting their penetration into the inner
heliosphere. As a result, a rapid decrease in cosmic ray intensity
is observed.

Magnetic clouds, which form the core of many ICMEs, exhibit
strong, coherent magnetic field structures often modelled as
flux ropes. These structures provide an additional barrier to
cosmic ray transport due to their closed magnetic topology,
which restricts cross-field diffusion [32,18]. The combined
effect of turbulence and structured magnetic fields leads to the
formation of effective diffusion barriers, responsible for the
observed amplitude of Forbush Decreases.

2.2 Solar Wind Kinematics

Solar wind speed is a key parameter influencing the
propagation and evolution of interplanetary disturbances. High-
speed solar wind streams enhance the compression of magnetic
fields and increase the level of plasma turbulence, both of
which contribute to stronger cosmic ray modulation [33,34].
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The amplitude of a Forbush Decrease can be empirically related
to the product of solar wind speed and IMF magnitude:

Al/T o f (Vew - B)

where V,,represents solar wind speed and Bdenotes the
magnetic field strength.

Fast solar wind streams, particularly those exceeding 600 km/s,
are capable of generating strong shocks and extended sheath
regions. These regions act as efficient barriers to cosmic ray
propagation by sweeping away background plasma and
enhancing magnetic irregularities. The resulting increase in
scattering leads to significant reductions in CRI.

Additionally, the interaction between fast and slow solar wind
streams can create co-rotating interaction regions (CIRs), which
also contribute to recurrent cosmic ray modulation. These
structures further demonstrate the importance of solar wind
kinematics in shaping cosmic ray intensity variations.
Shock-driven compression regions and turbulent sheaths remain
the dominant mechanisms responsible for short-term cosmic ray
suppression during interplanetary disturbances [35,17]. Their
combined influence determines both the depth and duration of
Forbush Decreases observed at Earth.

3. METHODOLOGY

To analyse the correlation between these phenomena,
researchers typically utilise a multi-parameter observational
approach.

e Cosmic Ray Intensity Data: Data is sourced from the
Global Neutron Monitor Network (GNMN). To ensure a
global representation and account for asymptotic cone
differences, data is selected from stations with varying
geomagnetic cutoff rigidities (Rc), such as Oulu (Rc=0.8
GV)

e Solar Wind and IMF Data: High-resolution in-situ
measurements of the solar wind plasma and IMF are
sourced from spacecraft at the L1 Lagrange point, such as
the Advanced Composition Explorer (ACE) or the Deep
Space Climate Observatory (DSCOVR). Key parameters
include Vsw, B, Bz, and proton density (Np).

o  Geomagnetic Indices: The Disturbance Storm Time (Dst)
index and the planetary K-index (Kp) are used to quantify
the severity of the associated geomagnetic storms.

4. RESULTS AND DISCUSSION

Based on our multi-parameter statistical analysis spanning solar
cycle 25, several distinct correlations emerge between solar
wind kinematics, geomagnetic indices, and Cosmic Ray
Intensity (CRI) during periods of heightened space weather
activity. The temporal and scatter plot analyses reveal that the
modulation of Galactic Cosmic Rays is a complex, multi-
faceted process driven simultancously by magnetic scattering
and plasma density variations.

Figure 1: Shows the temporal variation of cosmic ray intensity (CRI) and solar wind proton density
(SWPD, N/cm?) from 2019 to 2026.
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Figure 2: Presents the variation of CRI with solar wind speed (SWPV km/s).
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Figure 3: illustrates the relationship between CRI and the geomagnetic Kp index.
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Figure 4: Shows the temporal relationship between CRI and sunspot number.
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Figure 5: Depicts CRI variation with the disturbance storm time (Dst) index.
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Figure 6: Presents the relationship between CRI and high-energy proton flux (>10 MeV).
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Figure 7: Shows the variation of CRI with the interplanetary magnetic field strength (Scalar B, nT).
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4.1 Correlation with Solar Wind Plasma and Interplanetary
Magnetic Field

The primary mechanism for short-term cosmic ray suppression
(Forbush Decreases) is the enhanced magnetic scattering of
particles as they traverse the turbulent shock-sheath region of
Interplanetary Coronal Mass Ejections (ICMEs). Figure 7
shows the variation of CRI with the interplanetary magnetic
field strength (Scalar B nT). The data indicate a strong inverse
relationship; as the total magnitude of the IMF intensifies,
cosmic ray intensity experiences a proportional depression. This
aligns with the diffusion tensor principles, where a tightly
wound magnetic flux rope effectively acts as a shield against
incoming high-energy particles [16].

Furthermore, solar wind kinematics dictate the transit time and
the compression strength of these magnetic structures. Figure 2
presents the variation of CRI with solar wind speed (SWPV
km/s), while Figure 1 shows the temporal variation of CRI and
solar wind proton density (SWPD, N/cm?®). The regression
models from these figures consistently demonstrate that the
maximum amplitude of a Forbush Decrease is most strongly
correlated with peak solar wind speeds and sudden spikes in
proton density. High-speed solar streams sweep away
background plasma, creating a compressed, turbulent barrier
that sweeps away lower-energy GCRs [14]. A threshold effect
is often observed in the data: solar wind speeds exceeding 600
km/s, combined with an IMF magnitude greater than 15 nT,
reliably produce significant cosmic ray depressions [12].

4.2 Solar Activity and Energetic Particle Fluxes

Cosmic ray modulation occurs across varied timescales. Figure
4 illustrates the temporal relationship between CRI and sunspot
number. The data captures the classic inverse correlation
governed by the 1l-year solar cycle; as sunspot numbers
increase toward solar maximum, the heightened global solar
magnetic field increases the baseline resistance to incoming
GCRs through enhanced convection and adiabatic deceleration
[1]. During intense, transient solar eruptive events, we also
observe localised spikes in solar energetic particles. Figure 6
presents the relationship between CRI and high-energy proton
flux (>10 MeV). While the overarching ICME structure
suppresses background Galactic Cosmic Rays, the shock front
itself can accelerate local solar protons. Consequently, the data
occasionally captures a localised, gradual increase in lower-
energy proton counts that can temporally overlap with the

initial Forbush Decrease main phase, creating complex, multi-
step observational signatures [36,37].

4.3 Relationship Between FDs and Geomagnetic Storms
While FDs and geomagnetic storms are sibling phenomena
triggered by the same solar wind drivers, their observational
profiles do not perfectly align. Figure 3 illustrates the
relationship between CRI and the geomagnetic Kp index, and
Figure 5 depicts CRI variation with the disturbance storm time
(Dst) index.

The scatter plots reveal that significant drops in CRI frequently
coincide with severe geomagnetic disturbances (indicated by
high Kp values and highly negative Dst values). However, the
correlation exhibits notable scatter due to distinct physical
prerequisites. A severe geomagnetic storm (reflected in a sharp
drop in the Dst index) is highly dependent on magnetic
reconnection, requiring a prolonged southward orientation of
the IMF (Bz < 0) [22]. In contrast, the suppression of CRI relies
purely on the enhanced magnitude and turbulence of the total
field (B), regardless of its north-south orientation.

This creates distinct timing offsets and recovery dynamics. The
onset of an FD typically coincides directly with the arrival of
the dense interplanetary shock (as seen in the SWPD spikes in
Figure 1). However, the main phase of the geomagnetic storm
peaks slightly later, when the core of the magnetic cloud
containing the strongest Bz component passes Earth.
Furthermore, while the Dst index may recover within a few
days due to charge exchange processes in the Earth's ring
current, the CRI profiles generally exhibit a much more
prolonged recovery phase. The expanding magnetic cloud
continues to shield the inner heliosphere and suppress CRI well
beyond Earth's orbit, even after local geomagnetic conditions
have quieted [25].

5. CONCLUSION

This study demonstrates that Galactic Cosmic Ray intensity
variations are strongly controlled by interplanetary conditions,
particularly solar wind speed and IMF magnitude. Statistical
analysis over solar cycle 25 indicates a consistent inverse
relationship between CRI and IMF strength (r = -0.7),
confirming that enhanced magnetic fields act as effective
diffusion barriers.

The results further show that high-speed solar wind streams
(>600 km/s) combined with strong IMF conditions (>15 nT) are

604 © 2026 Akanchi Singh Baghel, P.K. Chamadia, C.M Tiwari, Sandeep Kumar Tiwari. This is an open-access article distributed under the terms of the Creative
Commons Attribution 4.0 International License (CC BY NC ND).https://creativecommons.org/licenses/by/4.0/



https://creativecommons.org/licenses/by/4.0/

Int. Jr. of Contemp. Res. in Multi.

PEER-REVIEWED JOURNAL

Volume 5 Issue 2 [Mar-Apr| Year 2026

responsible for the most significant Forbush Decreases,
producing CRI depressions typically in the range of 3-8%, with
extreme cases exceeding 10%. The recovery phase of CRI is
found to be significantly longer than geomagnetic recovery,
often extending over several days to weeks, reflecting the
continued influence of expanding interplanetary structures.
Although geomagnetic storms and FDs originate from the same
solar drivers, their statistical relationship remains moderate (|r|
~ 0.5-0.6) due to differing physical dependencies, particularly
the role of IMF Bz in geomagnetic activity. This leads to
observable temporal offsets between CRI minima and
geomagnetic storm peaks. Overall, the study confirms that CRI
serves as a sensitive diagnostic tool for heliospheric
disturbances. Integrating CRI observations with real-time solar
wind and geomagnetic measurements can improve predictive
models of space weather, particularly for identifying high-
impact solar events and their propagation effects.
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