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A B S T R A C T 

Forbush decreases (FDs) are short-term reductions in galactic cosmic ray (CR) intensity associated with interplanetary 
coronal mass ejections (ICMEs). We analyze a diverse sample of eight interacting ICME events (2010–2015), spanning 
merged and separate ejecta, with and without an interaction region (IR), and interactions at different heliocentric dis- 
tances, to examine how ICME substructures modulate CR intensity and to inter-compare the events for patterns linked to 
their configuration. Using in situ solar wind and magnetic field data with CR intensity at 10 GV from the FEID data base, 
we identified multistep FD profiles, with substructure boundaries from the Richardson & Cane ICME catalogue (timing 
uncertainty ±1 h). FD amplitudes range from ∼2.5 to ∼5.8 per cent, showing only a moderate, non-robust correlation 

with geomagnetic storm intensity. A three-step profile, not possible for an isolated single-ejecta ICME, occurs in two 
events, while four others show two ejecta-related steps with weak or absent sheath; yet amplitudes, decline rates, and 
recovery durations (2–4 d) fall within isolated-ICME ranges, so interacting events differ mainly in substructure number and 
sequencing. FD onset relative to shock arrival varies, with early onsets up to ∼11 h occurring preferentially for interactions 
closer to the Sun, based on a small sample. A lag of 1–17 h separates the peak field and FD minimum, reflecting cross-field 
diffusion in the sheath or diffusion-expansion in the ejecta. The dominant CR-modulating substructure varies between the 
preceding ICME, following ICME, or IR. Given the limited sample, results are illustrative, and a larger matched sample is 
needed to confirm them. 

Key words: Sun: corona – Sun: coronal mass ejections (CMEs) – solar–terrestrial relations – cosmic rays. 
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 INTRODUCTION  

orbush decreases (FDs) are short-term depressions in cosmic ray 
CR) intensity, typically lasting from a few hours to several days, 
ften occurring as a result of large-scale solar wind disturbances, 
uch as interplanetary coronal mass ejections (ICMEs) and their 
ssociated substructures (S. E. Forbush 1937 ; J. A. Simpson 1954 ;
. V. Cane 2000 ; M. Dumbović et al. 2020 ; A. Papaioannou et al.
020 ; M. Janvier et al. 2021 ; N. S. Shlyk et al. 2022 ). ICMEs typ-
cally consist of a forward shock (when the ejecta speed exceeds 
he ambient magnetosonic speed), a turbulent sheath region, and 
 magnetic ejecta that often exhibits a flux-rope-like structure 
L. Burlaga et al. 1981 ; I. G. Richardson & H. V. Cane 2010 ; E.
ilpua, H. E. J. Koskinen & T. I. Pulkkinen 2017 ; M. Temmer et al.
023 ). Each of these substructures contributes to the modulation 
f CR through distinct physical mechanisms and results in the 
ommonly observed multi- or two-step FD profile (H. V. Cane 
t al. 1994 ; J. L. Freiherr von Forstner et al. 2020 ). 
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The sheath region, located downstream of the shock and up- 
tream of the magnetic ejecta, is characterized by large magnetic 
eld variability and enhanced plasma compression. These condi- 
ions suppress CR transport through strong pitch-angle scattering 
nd reduced cross-field diffusion over an extended spatial scale 
G. Wibberenz et al. 1998 ; K. P. Arunbabu et al. 2015 ). In contrast,
he magnetic ejecta is characterized by a strong, smoothly ro- 
ating magnetic field and relatively low turbulence. The ordered 
ux-rope topology limits cross-field transport into its interior, 
nd the resulting CR modulation can be described by diffusion-
xpansion models such as ForbMod (M. Dumbović et al. 2018 ).
he combined influence of these substructures produces an ini- 
ial decrease of CR intensity associated with the sheath, followed 
y a subsequent or sustained modulation over the ejecta dura- 
ion (H. V. Cane et al. 1994 ; J. L. Freiherr von Forstner et al.
020 ). 
Superposed epoch and event-based analyses have shown a 
lear correspondence between ICME substructure boundaries 
nd the temporal evolution of FD profiles, indicating that the 
heath and ejecta contribute differently to the depth, rate, and re-
overy of CR depression (J. J. Masías-Meza et al. 2016 ; M. Janvier
t al. 2021 ; E. E. Davies, R. M. Winslow & D. J. Lawrence 2023a ).
he relative contribution of these regions, however, varies from 
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vent to event: fast ICMEs with strong shocks are often sheath-
ominated, whereas well-organized flux ropes with strong
agnetic fields tend to produce ejecta-driven decreases (H. V.
ane 2000 ; A. P. Jordan et al. 2011 ; I. G. Richardson & H. V.
ane 2011 ; K. P. Arunbabu et al. 2013 ). Moreover, the magnetic
eld within the ejecta has been shown to correlate more strongly
ith FD amplitude than magnetic fluctuations, and significant
Ds can occur even in the absence of a well-defined sheath (A.
haskar, P. Subramanian & G. Vichare 2016 ; M. Janvier et al.
021 ). While these results are largely based on isolated ICMEs,
heir applicability to interacting CME events remains unclear,
here multiple shocks, merged sheaths, and compressed ejecta
ay jointly control the rate and depth of FD. 
The role of ICME magnetic structure in CR modulation has
lso been examined in recent observational and modeling stud-
es. E. E. Davies et al. ( 2023b ) showed that the magnitude and
emporal evolution of FDs are largely independent of open or
losed magnetic field-line topology, and instead depend more
trongly on solar wind speed, internal magnetic field structure,
nd ICME expansion. FD characteristics are also found to evolve
ith heliocentric distance as ICME substructures expand and
eaken during propagation (G. Kinoshita et al. 2026 ). Numer-
cal simulations further indicate that magnetic flux ropes can
roduce CR anisotropies in addition to flux attenuation (A. Lara
t al. 2024 ), while diffusion-expansion models such as ForbMod
uccessfully reproduce flux-rope-related FD profiles and their
volution (M. Dumbović et al. 2018 , 2024 ). These results suggest
hat the relative importance of sheath and ejecta in shaping FD
rofiles is controlled by a combination of shock strength, sheath
urbulence, ejecta magnetic field intensity and coherence, and
he radial evolution of ICME substructures–conditions that can
e substantially modified in interacting CME events. 
Analytical and numerical studies further show that CR de-
ression does not occur instantaneously upon encountering en-
anced magnetic fields. In the sheath region, the lag between
he peak IMF and the CR response has been interpreted as the
ross-field diffusion time through the turbulent compressed field
K. P. Arunbabu et al. 2015 ). In the magnetic ejecta, diffusion-
xpansion models such as ForbMod (M. Dumbović et al. 2018 )
how that CRs enter the flux rope via inefficient perpendicular
iffusion, and the resulting FD evolves with the flux-rope expan-
ion; the FD minimum within the ejecta thus reflects the time-
ependent balance between perpendicular diffusion and expan-
ion, rather than a simple delay relative to the magnetic field
eak. The timing of FD onset relative to shock arrival can also
ary, with some events showing early decreases due to upstream
reconditioning (A. Papaioannou et al. 2020 ). In interacting CME
vents, where multiple shocks, sheaths, and compressed ejecta
oexist, such timing relationships may become more complex,
aking it difficult to identify which substructures control the
nset, rate, and minimum of the FD. 
Upstream preconditioning plays an important role in deter-
ining the ability of CMEs to produce FDs. During solar max-
mum, closely launched CMEs frequently interact as they prop-
gate, forming complex or merged ICMEs and extended interac-
ion regions (IRs) characterized by compressed magnetic fields,
nhanced turbulence, and prolonged disturbances (N. Lugaz
t al. 2012 ; M. Temmer et al. 2014 ; W. Mishra, N. Srivastava &
. Singh 2015a ; W. Mishra, Y. Wang & N. Srivastava 2016 ; W.
ishra et al. 2021 ). These interacting structures can strengthen
iffusion barriers and convective effects over larger spatial scales,
roducing FDs that differ in amplitude, recovery time, and tem-
NRAS 552, 1–13 (2026)
oral structure from those associated with isolated CMEs, and
re often linked to stronger geomagnetic activity (W. Mishra, N.
rivastava & D. Chakrabarty 2015b ; N. S. Shlyk et al. 2022 ). 
Recent studies further suggest that interacting ICMEs are par-

icularly efficient modulators of galactic CRs, often producing
arger and more complex FDs than single events (M. Dumbović
t al. 2020 ; A. Papaioannou et al. 2020 ; N. S. Shlyk et al. 2022 ).
his enhanced modulation is attributed to cumulative effects of 
ultiple shocks, intensified sheaths, and compressed magnetic
jecta formed during CME-CME interactions (J. L. Freiherr von
orstner et al. 2020 ; E. E. Davies et al. 2023b ). For example, D.
aričić et al. ( 2014 ) showed that compression of an earlier ICME
y a faster trailing CME produced an enhanced magnetic struc-
ure associated with a deep and prolonged FD, while N. S. Shlyk
t al. ( 2022 ) found that the second ICME in interacting pairs can
e more effective in modulating CRs than isolated events. 
Despite these advances, several key aspects of FD formation

n interacting ICME events remain poorly understood. In par-
icular, the relative contributions of individual ICMEs within
nteracting pairs, along with associated sheath regions and
nteraction-related structures (W. Mishra et al. 2015a ; S. Khuntia,
. Mishra & A. Agarwal 2025 ), to the rate and depth of CR
ecrease have not been systematically quantified on an event-by-
vent basis. Furthermore, the temporal relationships between the
eak IMF strength and the FD minimum, and between the FD on-
et and shock arrival, have not been characterized across multiple
nteracting events. These timing relationships have implications
or space weather forecasting, as they may determine how early
R-based signatures can indicate approaching interplanetary dis-
urbances. 
The present study addresses these gaps by analyzing eight well-
haracterized interacting ICME events observed during solar cy-
le 24 (2010–2015). For each event, the FD profile is decomposed
nto contributions from identifiable substructures, and the rate of 
R depression (per cent per hour) is quantified separately for the
hock-sheath, interacting pairs (ICME1-ICME2), merged ICMEs,
nd IR. We further examine the time delay between the peak
MF strength and the FD minimum, the relationship between
D onset and shock arrival, and the correspondence between the
D minimum and the geomagnetic Dst minimum. This event-
y-event analysis allows us to determine (i) which substructures
roduce the most rapid CR suppression, (ii) which primarily con-
rol the total FD depth, (iii) how the lag between the magnetic
eld peak and FD minimum varies across different interaction
onfigurations, and (iv) whether early FD onsets in interacting
vents can serve as precursors of approaching disturbances. The
esults are presented in Section 3 , followed by the conclusions in
ection 4 . 

 SELECTED  EVENTS  AND  OBSERVATIONS  

e examine eight well-documented interacting CME events that
ccurred during Solar Cycle 24 and were directed towards Earth.
hese events have been extensively analyzed in previous stud-
es of CME-CME interaction dynamics and are associated with
oderate to strong geomagnetic storms. The dates listed below
efer to the CME launch times at the Sun as observed in LASCO
oronagraph data. The selected events occurred on 2010 May 23–
4 (Event 1; N. Lugaz et al. 2012 ; W. Mishra et al. 2017 ); 2011
ebruary 13–15 (Event 2; D. Maričić et al. 2014 ; W. Mishra & N.
rivastava 2014 ; M. Temmer et al. 2014 ); 2011 August 3–4 (Event
; W. Mishra et al. 2017 ); 2012 January 18–19 (Event 4; Y. D. Liu
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Figure 1. From top to bottom: the total magnetic field strength, proton 
density, proton temperature, proton speed, Dst index, and CR intensity 
(on Y-axis) for the time interval of May 27 06:00 ut to June 2 00:00 ut , 
2010 (on X-axis) are shown. From the left, the first and second vertical 
blue solid lines mark the times of the FD onset and minimum, respec- 
tively, while the vertical dashed red line marks the arrival of shock S. The 
region shaded in cyan represents the interval of the merged ICME. 
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Figure 2. From top to bottom: the total magnetic field strength, proton 
density, proton temperature, proton speed, Dst index, and CR intensity 
(on Y-axis) for the time interval of February 17 00:00 ut to February 21 
00:00 ut , 2011 (on X-axis) are shown for Event 2. From the left, the first 
and second vertical blue solid lines mark the FD onset and minimum 

times, respectively, and the vertical dashed red line marks the arrival of 
shock S. The shock and the FD onset time occur simultaneously, and lines 
representing them overlap. The shaded cyan, yellow, and magenta regions 
represent the interval of ICME1, ICME2, and ICME3, respectively. 
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t al. 2013 ); 2012 June 13–14 (Event 5; W. Mishra et al. 2017 ; N.
rivastava, W. Mishra & D. Chakrabarty 2018 ); 2012 September 
5–28 (Event 6; W. Mishra et al. 2015a ; W. Mishra et al. 2017 );
012 November 9–10 (Event 7; W. Mishra et al. 2015b ; W. Mishra
t al. 2017 ); and 2015 March 14–15 (Event 8; Y. D. Liu et al. 2015 ).
he corresponding in situ observation intervals at 1 au are shown
n Figs 1 –8 and Tables 1 and 2 . 

.1 Data and methodology 

he in situ solar wind plasma and magnetic field data were ob-
ained from the OMNI data base 1 (J. H. King & N. E. Papitashvili
005 ) with 1-h resolution. The parameters analyzed include the 
otal magnetic field strength ( B ), proton number density ( Np ),
roton temperature ( Tp ), proton bulk speed ( Vp ), and the Dst
eomagnetic index. These parameters are plotted alongside the 
R intensity for each event in Figs 1 –8 to enable direct visual
 https://cdaweb.gsfc.nasa.gov 2
omparison of the FD profile with the passage of ICME substruc-
ures. 
The CR data were obtained from the FEID (Forbush Effects 
nd Interplanetary Disturbances) data base, which provides CR 

ntensity parameters derived using the Global Survey Method 
GSM; A. Belov et al. 2018 ) based on measurements from the
orldwide neutron monitor network (NMDB 

2 ) for particles with 
 rigidity of 10 GV. The FEID data are available at 1-h cadence,
hich sets the effective temporal resolution for all FD-related 
easurements in this study. While 1-minute resolution OMNI 
ata are available and would allow more precise identification of 
ubstructure boundaries, the hourly CR data that form the basis 
f our FD analysis limit the meaningful temporal precision to ±1
 for all timing measurements (FD onset, FD minimum, B peak,
hock arrival, Dst minimum). Time differences between any two 
uch measurements carry uncertainties of ±√ 

2 ≈ ±1.4 h. 
MNRAS 552, 1–13 (2026)
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M

Figure 3. From top to bottom: the total magnetic field strength, proton 
density, proton temperature, proton speed, Dst index, and CR intensity 
(on Y-axis) for the time interval of August 4 00:00 ut to August 9 00:00 ut , 
2011 (on X-axis) are shown for Event 3. From the left, the first and second 
vertical blue solid lines mark the times of the FD onset and minimum, 
respectively, while the first and second vertical dashed red lines mark 
the arrivals of shocks S1 and S2. The cyan-shaded region represents the 
merged ICME interval. 
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Figure 4. From top to bottom: the total magnetic field strength, proton 
density, proton temperature, proton speed, Dst index, and CR intensity 
(on Y-axis) for the time interval of 2012 January 21 00:00 ut to January 
24 14:00 ut (on X-axis) are plotted for Event 4. From the left, the first 
and second vertical blue solid lines indicate the FD onset and minimum, 
respectively, and the vertical dashed red line marks the arrival of shock 
S. The shaded regions represent the interval of ICME1 (cyan colour) and 
ICME2 (yellow colour). 
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The identification of ICME substructures, including the in-
erplanetary shock arrival time, the start and end times of the
agnetic ejecta, and the classification of the disturbance type,
s adopted from the Richardson & Cane near-Earth ICME cat-
logue 3 (I. G. Richardson & H. V. Cane 2010 ; I. Richardson &
. Cane 2024 ). This widely used catalogue provides a systematic
dentification of ICMEs observed at 1 au based on a comprehen-
ive set of plasma and magnetic field signatures, including en-
anced magnetic field strength, smooth field rotation, depressed
roton temperature, low plasma beta, declining speed profile,
nd compositional anomalies where available. By adopting the
atalogue boundaries, we ensure that our ICME identifications
re consistent with the broader community standards and are
ot subject to additional subjective bias introduced by our own
oundary selection. 
For interacting events where two or more ICMEs are observed

n close succession, we distinguish between merged’ and sepa-
NRAS 552, 1–13 (2026)

 https://izw1.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm 

b  

w  

2  
ate’ configurations based on the in situ signatures as documented
n the published case studies of each event (see references in
ection 2 ). In merged events (Events 1 and 3), the in situ data
how a single continuous ejecta interval with no clear internal
oundary, despite two CMEs having been launched from the Sun;
o secondary compression, discontinuity in field rotation, or reset
f plasma signatures is observed within the ejecta. In events with
eparate structures (Events 4, 5, 6, and 7), two distinct ejecta
ntervals and/or an IR are identifiable. The IR, present in Event
, is identified as a compressed region between two ejecta that
hows elevated magnetic field strength, density, and temperature
ut does not satisfy the standard magnetic ejecta criteria (no
mooth field rotation, no depressed temperature, no low plasma
eta). 
The FD onset is defined as the hour at which the CR intensity
egins a sustained decrease below the pre-event baseline level,
here the baseline is defined as the mean CR intensity over the
4 h preceding the event. The FD minimum is the hour of the

https://izw1.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
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Figure 5. From top to bottom: the total magnetic field strength, proton 
density, proton temperature, proton speed, Dst index, and CR intensity 
(on Y-axis) for the time interval of 2012 June 16 00:00 ut to June 20 
00:00 ut (on X-axis) are plotted for Event 5. From the left, the first and 
second vertical blue solid lines indicate the FD onset and minimum, 
respectively, while the first and second vertical dashed red lines mark 
the arrivals of shocks S1 and S2. The shock and the FD onset time 
occur simultaneously, and lines representing them overlap. The shaded 
regions in cyan and yellow represent the interval of ICME1 and ICME2, 
respectively. 
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Figure 6. From top to bottom: the total magnetic field strength, proton 
density, proton temperature, proton speed, Dst index, and CR intensity 
(on Y-axis) for the time interval of 2012 September 30 00:00 ut to October 
3 00:00 ut (on X-axis) are plotted for Event 6. From the left, the first 
and second vertical blue solid lines mark the times of the FD onset and 
minimum, respectively, while the first and second vertical dashed red 
lines mark the arrivals of shocks S1 and S2. The shaded regions in cyan 
and yellow represent the interval of ICME1 and ICME2, respectively. 
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owest CR intensity during the event. The decline rate within each
ubstructure is calculated as the magnitude of the CR intensity 
hange ( | �CR | in per cent) divided by the duration ( �t in hours)
f that substructure: rate = | �CR | / �t where the substructure
oundaries define �t and the CR values at the start and end of 
ach interval define �CR . The recovery phase is defined as the
nterval from the FD minimum to the approximate time when 
he CR intensity returns to within 1 σ of the pre-event base-
ine. We note that the end of recovery is difficult to determine
recisely, and recovery durations are reported as approximate 
alues. 
We emphasize that with eight interacting events, our sample 

s insufficient for robust statistical analysis. We therefore present 
ur findings as case-study observations and avoid drawing gen- 
ralized statistical conclusions. Where possible, we compare our 
easured values with published ranges for isolated ICME-driven 
Ds to provide context. 
.2 Event 1: 2010 May 28–June 2 

wo CMEs were launched successively from the same active re- 
ion, NOAA 11072, on 2010 May 23 and 24 with a separation of 
21 h. The average speeds of the first and second CMEs were
370 km s−1 and ∼520 km s−1 , respectively. The faster second 
ME caught up with the preceding one, and their interaction 
as observed at a distance of ∼45 R� from the Sun. After the
nteraction, the second CME was reported to be deflected, and the
erged structure propagated towards Earth as a complex ICME 

N. Lugaz et al. 2012 ; W. Mishra et al. 2017 ). Fig. 1 shows the
ariations of the in situ plasma and magnetic field parameters 
ogether with the CR intensity for this event. 
In the context of our focus on interacting CMEs and their
ssociated FDs, the CR intensity begins to decrease in the sheath
egion, indicating the initial modulation by the disturbed solar 
ind. A more pronounced decrease occurs within the ICME fol- 
owing the sheath, forming the first step of the FD with a decline
ate of ∼0.28 per cent per hour (Fig. 1 ). A second step is observed
ithin the merged ICME structure, leading to an additional ∼2.5 
MNRAS 552, 1–13 (2026)
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M

Figure 7. From top to bottom: the total magnetic field strength, proton 
density, proton temperature, proton speed, Dst index and CR intensity (on 
Y-axis) with time interval of 2012 November 12 00:00 ut to November 
16 00:00 ut (on X-axis) are plotted for Event 7. From the left, the first 
and second vertical blue solid lines mark the times of the FD onset and 
minimum, respectively, and the vertical dashed red line marks the arrival 
of shock S. The shaded regions in cyan, green, and yellow represent the 
interval of ICME1, IR, and ICME2, respectively. 
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Figure 8. From top to bottom: the total magnetic field strength, proton 
density, proton temperature, proton speed, Dst index, and CR intensity 
(on Y-axis) with time interval of 2015 March 16 00:00 ut to March 21 00:00 
ut (on X-axis) are plotted for Event 8. From the left, the first and second 
vertical blue solid lines indicate the FD onset and minimum, respectively, 
and the vertical dashed red line marks the arrival of shock S. The shaded 
regions in cyan and yellow represent the interval of ICME1 and ICME2, 
respectively. 
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er cent decrease with a slower decline rate of ∼0.14 per cent per
our. These features indicate that the dominant contribution to
he FD arises from the interacting ICME structure rather than the
heath alone. The recovery phase lasts for more than 3 d. 
The peak magnetic field strength within the ICME reaches 14.4
T, occurring about 6 h prior to the minimum CR intensity. The
aximum FD is observed at 12:00 ut on May 29, coinciding with
he minimum Dst ( ∼−80 nT) and showing no significant time
elay, suggesting a close association among the interacting ICME
tructure, geomagnetic activity, and the observed FD. 
During the ICME interval, the Dst index decreases smoothly
nd reaches its minimum near the middle of the ICME, then
radually recovers towards the trailing edge. The CR intensity
lso shows a gradual decrease throughout the ICME, with a min-
mum near the Dst minimum. During the CR decreasing phase,
he drop begins near the ICME leading region and continues into
he central ICME, coinciding with enhanced magnetic field. The
nset of the decrease follows a density enhancement, suggesting
 possible density effect. However, the CR continues to decrease
NRAS 552, 1–13 (2026)
s density declines, while speed and temperature are showing no
lear correspondence with the CR profile. 

.3 Event 2: 2011 February 17 −21 
hree Earth-directed CMEs were launched successively from
he same active region, NOAA 11158, during 2011 February
3 −15 (D. Maričić et al. 2014 ; W. Mishra & N. Srivastava 2014 ;
. Temmer et al. 2014 ; W. Mishra et al. 2017 ). The first CME
CME1) was observed at 18:36 ut on February 13 as a partial
alo CME, the second CME (CME2) at 18:24 ut on February
4 as a halo CME, and the third CME (CME3) at 02:05 ut on
ebruary 15 as a halo CME in the field of view of the C2 coro-
agraph onboard SOHO/LASCO (G. E. Brueckner et al. 1995 ).
he interaction between CME2 and CME3 was observed at a dis-
ance of ∼ 24 –28 R�, while CME1 and CME2 interacted farther
ut at ∼ 138 –157 R� from the Sun (W. Mishra & N. Srivastava
014 ). These successive eruptions and their subsequent interac-
ions resulted in a complex ICME structure propagating towards
arth. 
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Table 1. Interacting CME events: Dst minimum, FD peak, IMF peak, and time offsets between Dst and FD peaks, B and FD peaks, and FD onset relative 
to shock arrival. 

Date Dst peak FD peak �t(Dst peak-FD peak) Peak B �t(FD peak-B peak) �t(shock arrival-FD onset) 
(nT) (per cent) (h) (nT) (h) (h) 

2010 May 28–June 2 −80 −2.44 0 14.4 6 5 
2011 February 17–21 −32 −4.29 6 30.6 4 0 
2011 August 5–9 −115 −4.2 1 29.4 5 2 
2012 January 21–24 −71 −2.91 3 26.5 17 3 
2012 June 16–18 −86 −4.45 8 40.1 3 0 
2012 September 30–October 3 −122 −2.91 1 21 1 1 
2012 November 12–16 −108 −3.28 0 22.8 8 5 
2015 March 16–21 −223 −5.84 0 31.5 8 11 

Table 2. Interacting CME events: FD amplitudes and decline rates within each identifiable ICME substructure, and the 
substructure with the largest �CR. 

Date of ICME Dst peak FD amplitude Rate of FD Largest �CR 
(nT) (per cent) (% h−1 ) substructure 

2010 May 28–June 2 −80 1.11 (sheath) 0.14 (sheath) Merged ICME 
1.38 (merged ICME) 0.28 (merged ICME) 

2011 February 17–21 −32 1.44 (ICME1 sheath) 0.48 (ICME1 sheath) ICME1 
4.45 (ICME1) 0.60 (ICME1) 

2011 August 5–9 −115 4.05 (merged ICME) 0.45 (merged ICME) Merged ICME 
2012 January 21–24 −71 0.40 (ICME1 sheath) 0.06 (ICME1 sheath) ICME2 

0.83 (ICME1) 0.20 (ICME1) 
1.32 (ICME2) 0.22 (ICME2) 

2012 June 16–18 −86 0.98 (ICME1) 0.08 (ICME1) ICME2 
3.46 (S2 + ICME2) 0.68 (S2 + ICME) 

2012 September 30–October 3 −122 0.85 (ICME1) 0.21 (ICME1) ICME2 
1.91 (ICME2) 0.21 (ICME2) 

2012 November 12–16 −108 1.11 (sheath) 0.10 (sheath) IR 
2.23 (ICME1) 0.45 (ICME1) 
0.49 (IR) 0.10 (IR) 

2015 March 16–21 −223 2.47 (ICME1 sheath) 0.28 (ICME1 sheath) ICME1 
2.02 (ICME1) 0.25 (ICME1) 
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Fig. 2 shows the variations of in situ plasma and magnetic field
arameters together with the CR intensity for this event. In the
ontext of interacting CMEs and their associated FDs, the CR 

ntensity begins to decrease with the arrival of the IP shock.
he decrease continues through the sheath and into the ICME1 
egion, reaching a maximum reduction of ≈4.3 per cent. The 
ecline rate is ∼0.48 per cent per hour in the ICME1 sheath
nd increases to ∼0.6 per cent per hour within ICME1, indi-
ating that the dominant contribution to the FD arises from 

he first ICME associated with the interacting CME system. 
he recovery phase of the FD is unusually long, lasting more
han 3 d. 
The minimum CR intensity occurs at 09:00 ut on 2011 Febru-
ry 18 approximately 6 h before the minimum Dst value ( ∼−32
T). The peak magnetic field strength reaches ∼31 nT within the
CME1 region, occurring about 4 h prior to the minimum CR 

ntensity. These features suggest that the interacting CME-driven 
CME structure, particularly ICME1, plays the primary role in 
roducing the observed FD. It is worth noting that while the FD
agnitude is primarily determined by magnetic field strength, 
urbulence, and diffusion barriers within the interacting ICME, 
he Dst response depends primarily on the duration and magni- 
ude of the southward IMF component. 
It is important to note that this event produced only a weak
eomagnetic storm with a minimum Dst of ∼−32 nT. Conse- 
uently, despite a clear FD associated with the interacting CMEs, 
he relatively weak geomagnetic response results in a poor cor- 
espondence between FD and Dst timing for this event. This be-
avior contrasts with the other selected events, in which stronger 
eomagnetic activity allows a more direct and meaningful com- 
arison between the FD and Dst minima. 
During the sequence of three ICMEs, the Dst index shows 

 stepwise decrease, with an initial disturbance near ICME1, a 
eeper minimum during ICME2, and then a gradual recovery 
hrough ICME3. The CR intensity exhibits a sharp Forbush de- 
rease starting at ICME1, reaches its minimum towards the rear 
dge of ICME1, and then slowly recovers across ICME2 and 
CME3. The onset of the decreases coincides with increases in 
olar wind density, speed, and temperature, suggesting that these 
arameters may play a secondary role at the onset. CR variations
eem to be primarily governed by the intervals of enhanced mag-
etic field, and do not closely follow the density, temperature, or
peed variations. 

.4 Event 3: 2011 August 5–9 

wo CMEs were launched successively from the same active re- 
ion, NOAA 11261, on 2011 August 3 and 4 with a separation
f ∼14 h. The first CME (CME1), with a speed of ∼610 km s−1 ,
as observed at 14:00 ut on August 3, while the second CME
CME2), with a higher speed of ∼1315 km s−1 , was observed at
MNRAS 552, 1–13 (2026)
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4:12 ut on August 4. Both CMEs appeared as halo events in
he field of view of the LASCO - C2 coronagraph onboard SOHO.
he faster CME2 caught up with CME1, and their interaction was
nferred at a distance of ∼145 R� from the Sun. The interacting
MEs subsequently merged into a single ICME and propagated
owards Earth (W. Mishra et al. 2017 ). Fig. 3 shows the variations
f in situ plasma and magnetic field parameters together with the
R intensity for this event. 
In the context of interacting CMEs and their associated FDs,

he CR intensity decreases sharply with the arrival of the IP
hock, indicating the onset of CR modulation by the disturbed so-
ar wind. The decrease continues through the sheath and reaches
ts maximum amplitude of ≈4.2 per cent within the merged
CME region. The decline rate of the FD is ∼0.45 per cent per
our, suggesting that the dominant contribution to the FD arises
rom the interacting ICME structure. The recovery phase of the
D lasts for more than 2 d. 
The minimum CR intensity occurs at 03:00 ut on 2011 August

 coinciding with the passage of the ICME at Earth. The peak
agnetic field strength within the ICME reaches ∼30 nT, occur-
ing about 5 h prior to the FD minimum. The FD minimum at
3:00 ut on August 6 coincides with the minimum Dst value of 
−115 nT, with no significant time delay between them. This
lose correspondence between the FD and Dst minima indicates
hat the interacting CME-driven merged ICME structure is re-
ponsible for both the enhanced geomagnetic activity and the
bserved FD. 
During the merged ICME interval, the Dst index decreases
harply after S2 and reaches its minimum within the early part
f the ICME, followed by a gradual recovery towards the trailing
dge. The CR intensity also shows a rapid decrease beginning
ear S2, with the minimum occurring within the merged ICME,
nd recovery thereafter.CR decreases occur during the interval
f an enhanced magnetic field. During the CR decrease phase,
t appears that enhanced density, speed, and temperature in the
CME leading region may contribute to the initial and early de-
rease, but they do not exert consistent control over the entire CR
epression. 

.5 Event 4: 2012 January 21 −24 
wo CMEs were launched successively from the active regions
OAA 11 401 and 11 402 during 2012 January 18–19. The first
ME (CME1) was observed at 13:25 ut on January 18 as a partial
alo CME, followed by the second CME (CME2) at 15:10 ut on
anuary 19 as a halo CME. The interaction between the two CMEs
as reported to occur at a distance of ∼85 R� from the Sun, and
he structures subsequently propagated towards Earth, where
hey were identified as distinct but closely spaced ICMEs (Y. D.
iu et al. 2013 ). Fig. 4 shows the variations of the in situ plasma
nd magnetic field parameters together with the CR intensity for
his event. 
For this event, we note that the CR intensity begins to decrease
bout 3 h prior to the arrival of the interplanetary shock. The
heath region corresponds to the first step of the FD, producing a
ecrease of ∼1.2 per cent. The passage of ICME1 leads to a further
ecrease of ∼1.7 per cent. The second, more gradual decrease is
ssociated with ICME2, during which the CR intensity reaches
 minimum of ∼3 per cent at 02:00 ut on 2012 January 23. The
ecovery phase begins near the trailing edge of the ICME struc-
ure and lasts for more than 2 d. These features indicate that both
NRAS 552, 1–13 (2026)
CMEs contribute to the FD, with ICME2 providing the dominant
ecrease. 
The decline rate of the FD is ∼0.06 per cent per hour in the

CME1 sheath, ∼0.20 per cent per hour within ICME1, and ∼0.22
er cent per hour within ICME2. The FD minimum occurs at
2:00 ut on January 23, followed by the minimum Dst value
 ∼−71 nT) approximately 3 h later. The peak magnetic field
trength reaches 26.5 nT, occurring about 17 h prior to the FD
inimum and approximately 3 h after the onset of the FD (A.
apaioannou et al. 2020 ). These observations suggest that the
nteracting CME-driven structures produce a multistep FD, with
CME2 acting as the primary contributor to the overall FD ampli-
ude. 
During the successive ICME intervals, the Dst index begins

o decrease after the shock-driven SSC and then Dst reaches its
inimum during ICME2, followed by a gradual recovery after-
ard. The CR intensity also starts decreasing after the shock,
ontinues to decline through ICME1, and reaches its minimum
ithin ICME2, before gradually recovering. The CR decrease oc-
urs during the period of enhanced magnetic field, while the den-
ity shows a brief enhancement near the shock and within ICME1
hat does not persist throughout the CR depression. During the
nitial phase of the CR decrease, increases in solar wind speed
nd temperature near the shock and ICME1 appear to coincide
ith the onset and early drop in CR intensity; however, these
arameters do not show a consistent correspondence with the
ntire CR decrease, which continues into ICME2. 

.6 Event 5: 2012 June 13–14 

wo CMEs originating from the same active region, NOAA 11504,
ere launched on 2012 June 13 and 14 separated by several hours.
he first and second CMEs had average speeds of ∼630 and
990 km s−1 , respectively. The faster second CME caught up
ith the preceding one, and the interacting structures propagated
owards Earth as a merged ICME (W. Mishra et al. 2017 ; N. Sri-
astava et al. 2018 ). Fig. 5 shows the variations of in situ plasma
nd magnetic field parameters together with the CR intensity for
his event. 
The interplanetary structure is bounded by two shocks, S1 and
2. The region between S1 and S2 corresponds to ICME1, last-
ng for ∼11 h. During the passage of ICME1, the magnetic field
trength reaches ≈10 nT, while the CR intensity shows only a
radual decrease of about 1 per cent, indicating a relatively weak
odulation by the first ICME. A more pronounced decrease in
R intensity begins with the arrival of the second shock (S2),
arking the entry into the stronger, interacting ICME. Following
2, the magnetic field increases sharply to ≈40 nT, and the CR
ntensity decreases further, reaching ∼3.5 per cent about 3 h later.
The CR intensity continues to decline within the merged ICME
tructure, attaining a minimum value of ∼4.45 per cent at 05:00
t on June 17. This minimum is followed by the minimum Dst
alue ( ∼−86 nT) approximately 8 h later. The recovery phase of 
he FD is prolonged, lasting for more than 4 d. The FD onset
losely corresponds to the arrival of shocks S1 and S2, indicating
hat both shocks and the subsequent ICME structures contribute
o the observed modulation. 
Both ICME1 and ICME2 contribute to the multistep FD, al-

hough their relative roles differ. The decline rate of the FD is
0.08 per cent per hour within ICME1, while a rapid decrease of 
1.2 per cent per hour is observed near the shock-associated SSC.
ithin the merged ICME2 structure, the decline rate is ∼0.15
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er cent per hour, indicating that ICME2 provides the dominant 
ontribution to the overall FD amplitude. The absence of a well- 
efined sheath region and the stronger magnetic field within 
CME2 suggest that the interacting and merged ICME structure 
s primarily responsible for the observed FD. 
During the CR decreasing phase, the intensity begins to drop 
ithin ICME1 and declines more rapidly after S2, reaching 
ts minimum in the early part of ICME2. This decrease coin- 
ides with the interval of enhanced magnetic field spanning late 
CME1 and early ICME2. The initial decrease in CR coincides 
ith enhanced magnetic field, along with increased density and 
peed near S2, suggesting a possible contribution during the early 
hase. However, the CR continues to decrease with no clear de- 
endence on speed and density. 

.7 Event 6: 2012 September 30–October 3 

wo CMEs were launched successively from the same active re- 
ion, NOAA 11575, during 2012 September 25–28. The first CME 

CME1) occurred at 11:24 ut on September 25 with a speed of 
335 km s−1 , while the second CME (CME2) was observed at 
0:12 ut on September 28 as a full halo CME with a speed of 
950 km s−1 . W. Mishra et al. ( 2015a , 2017 ) reported that the
nteraction between the two CMEs occurred close to Earth at 
 distance of ∼215 R� and beyond. Following the interaction, 
he structures propagated towards Earth and were identified as 
eparate but closely spaced ICMEs (W. Mishra et al. 2015a ). Fig. 6
hows the variations of in situ plasma and magnetic field param-
ters together with the CR intensity for this event. 
The interplanetary structure is bounded by two shocks, S1 
nd S2, with ICME1 located in the region between them and 
asting for ∼11 h. During the passage of ICME1, the mag- 
etic field strength reaches ≈6 nT, while the CR intensity de- 
reases gradually by ∼1.2 per cent, corresponding to a decline 
ate of ∼0.21 per cent per hour. A more pronounced decrease 
n CR intensity begins with the arrival of shock S2, marking the
ntry into the second ICME structure. Following S2, the magnetic 
eld increases to ≈22 nT, and the CR intensity decreases further,
eaching ∼3 per cent about one hour later. 
The FD reaches its maximum amplitude at 03:00 ut on October 

 within ICME2. This minimum in CR intensity is followed by 
he minimum Dst value ( ∼−122 nT) approximately 1 h later, 
ndicating a close temporal correspondence between the FD and 
eomagnetic response. The recovery phase of the FD lasts for 
ore than 2 d. The onset of the CR decrease coincides well with
he arrivals of shocks S1 and S2, suggesting that both shocks
nd the subsequent ICME structures contribute to the observed 
odulation. 
Both ICME1 and ICME2 contribute to the multistep FD, al- 

hough their relative contributions differ. The gradual decrease 
ssociated with ICME1 is followed by a stronger modulation 
ithin ICME2, indicating that ICME2 acts as the primary con- 
ributor to the overall FD amplitude. No well-defined sheath re- 
ion is identified for this event, and the stronger magnetic field 
ithin ICME2 supports its dominant role in producing the ob- 
erved FD. 
During the ICME interval, the Dst index begins to decrease 
fter the S1-driven rise and drops more sharply following the 
2-driven rise, reaching its minimum near the ICME1-ICME2 
ransition, then gradually recovering through ICME2. The CR 

ntensity also starts decreasing within ICME1, shows a sharper 
rop after S2, and reaches its minimum near the beginning of 
CME2 before gradually recovering afterward. The CR decrease 
ccurs during the interval of enhanced magnetic field spanning 
ate ICME1 and early ICME2. The increases in solar wind density,
peed, and temperature around S2 and near the ICME1-ICME2 
ransition appear to coincide with the onset and early reduction in
R intensity; however, these parameters do not show a consistent 
orrespondence with the entire CR depression, which extends 
nto ICME2. 

.8 Event 7: 2012 November 12–16 

wo CMEs were launched a few hours apart on 2012 November
 and 10 from active region NOAA 11608, with speeds of ∼620
nd ∼910 km s−1 , respectively. The CMEs propagated in nearly 
he same direction, and their interaction was observed at a dis-
ance of ∼35 R� from the Sun. Following the interaction, the 
ombined structure propagated towards Earth as a merged ICME 

W. Mishra et al. 2015b ; W. Mishra et al. 2017 ). Fig. 7 shows the
ariations of the in situ plasma and magnetic field parameters 
ogether with the CR intensity for this event. 
In the context of our study, the CR intensity begins to de-
rease with the arrival of the IP shock. The initial decrease occurs
ithin the sheath region, producing a modest reduction of ∼0.5 
er cent with a decline rate of ∼0.1 per cent per hour. A more
ronounced second step of the FD is observed within ICME1, 
here the CR intensity decreases to ∼3 per cent with a decline
ate of ∼0.45 per cent per hour. The decrease continues within the
R, leading to a maximum FD amplitude of ∼3.5 per cent with a
lower decline rate of ∼0.1 per cent per hour. These features indi-
ate that both ICME1 and the IR contribute to the multistep FD,
ith the IR providing the dominant contribution to the overall 
D amplitude. 
The peak magnetic field strength reaches ∼23 nT within 

CME1, occurring about 8 h prior to the FD minimum. The max-
mum FD is observed at 07:00 ut on November 14, coinciding
ith the minimum Dst value ( ∼−108 nT) with no significant
ime delay. The recovery phase of the FD is prolonged, lasting for
ore than 2 d. This close correspondence between the FD and
st minima suggests that the interacting CME-driven merged 
CME and the associated IR play a key role in producing both
he geomagnetic response and the observed FD. 
We note that the Dst index shows a gradual decrease after

he S-driven rise, with a stronger decline through ICME1 and 
eaching its minimum within the IR, followed by recovery during 
CME2. The CR intensity also begins to decrease within ICME1, 
ontinues declining through the IR, and attains its minimum 

ear the IR-ICME2 transition before gradually recovering. The 
R decrease occurs during the interval of enhanced magnetic 
eld spanning ICME1 and the IR. The increases in solar wind
peed, temperature, and density near the shock and early ICME1 
ppear to contribute to the onset and early drop in CR intensity;
owever, these parameters do not consistently control the overall 
R depression. 

.9 Event 8: 2015 March 16 −21 
wo CMEs were launched successively from the same active re- 
ion, NOAA 12297, on 2015 March 14 and 15 separated by ∼16
. The average speeds of the first and second CMEs were ∼350
nd ∼1120 km s−1 , respectively. The faster second CME rapidly 
aught up with the preceding slower CME, and their interaction 
as reported to occur close to the Sun (Y. D. Liu et al. 2015 ).
MNRAS 552, 1–13 (2026)
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Figure 9. Correlation between Dst peak and FD peak for eight interact- 
ing events analysed. The solid line shows the best linear fit, and the inset 
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o  

s  

a  

n  

a
 

t  

i  

I  

h  

C  

p  

t  

f  

w  

+
 

q  

(  

a  

a  

a  

o  

w  

n  

e  

i  

a  

C
t  

s  

e  

I  

e  

l  

t  

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/552/1/stag1664/8785133 by Indian Institute of Astrophysics user on 19 O
ctober 2026
he early interaction led to the formation of a compressed and
omplex ICME structure that subsequently propagated towards
arth. Fig. 8 shows the variations of the in situ plasma and mag-
etic field parameters together with the CR intensity for this
vent. 
We note that the CR intensity begins to decrease about 11 h
rior to the arrival of the IP shock, indicating modulation by
he approaching disturbed solar wind and enhanced turbulence
head of the shock. A pronounced first decrease occurs within the
heath region, where the FD reaches ∼4 per cent at 13:00 ut on
015 March 17 with a decline rate of ∼0.28 per cent per hour. A
urther decrease is observed within ICME1, with a decline rate of 
0.25 per cent per hour, suggesting continued CR modulation by
he enhanced magnetic field and diffusion barrier within the in-
eracting ICME. These features indicate that both the sheath and
CME contribute to the FD, with ICME1 providing the dominant
ontribution to the overall amplitude. 
The magnetic field strength reaches a peak value of ∼32 nT
ithin ICME1, occurring about 8 h prior to the FD minimum.
he FD attains its maximum amplitude at 22:00 ut on March 17,
hich coincides with the minimum Dst value ( ∼−223 nT) with
o observable time delay. An earlier decrease in Dst to ∼−100 nT
s associated with the sheath region, whereas the main geomag-
etic storm development corresponds to the ICME passage. The
ear-simultaneous occurrence of the FD and Dst minima sug-
ests that the same large-scale magnetic structure is responsible
or both cosmic-ray modulation and ring current enhancement.
he strong and compressed magnetic field within the ICME pro-
ides an efficient diffusion barrier for CR while simultaneously
acilitating enhanced geomagnetic activity. The recovery phase
f the FD is prolonged, lasting for more than 3 d, consistent with
he extended spatial scale and complex magnetic structure of the
CME. 
From the figure, we note that the Dst index begins to decrease
fter the S-driven rise and drops rapidly through ICME1, reaching
ts minimum near the end of ICME1, followed by a gradual recov-
ry during ICME2. The CR intensity also shows a sharp decrease
fter the shock, continues to decline throughout ICME1, and
ttains its minimum near the rear edge of ICME1 before gradually
ecovering afterward. The CR decrease occurs during the interval
f the enhanced magnetic field associated with ICME1. During
he initial phase of the CR decrease, elevated solar wind density
ear the shock and early ICME1, together with increased speed
nd temperature, appear to contribute to the onset and rapid drop
n CR intensity; however, these parameters do not consistently
ollow the entire CR depression, which continues until the end
f ICME1. 

 RESULTS  AND  DISCUSSION  

ll eight interacting ICME events analyzed in this study pro-
uced clear non-recurrent (ICME-driven) FDs observed in the
EID CR intensity data at a rigidity of 10 GV. The FD ampli-
udes range from approximately 2.5 per cent to 5.8 per cent, with
he largest depression corresponding to the most intense geo-
agnetic storm (Dst ≈ −223 nT) on 18 March 2015 (Table 1 ).
or comparison, I. G. Richardson & H. V. Cane ( 2011 ) reported
edian FD amplitudes of ∼2–3 per cent for isolated ICMEs at
eutron monitor rigidities, and M. Janvier et al. ( 2021 ) found
verage values of ∼2–4 per cent using superposed epoch analysis.
he amplitudes observed in our interacting events (six of eight
xceeding 2.9 per cent) are within or above this range, though
NRAS 552, 1–13 (2026)
ur sample is too small to establish whether interacting events
ystematically produce larger FDs. Fig. 9 shows only a moder-
te correlation between the FD peak and the Dst peak, and the
oticeable scatter indicates that FD amplitude and geomagnetic
ctivity are governed by different physical processes. 
In most cases, the FD profile exhibits a multistep struc-

ure, with two or more distinct decrease phases correspond-
ng to successive ICME substructures such as sheath regions,
CME1/ICME2 regions, merged ICME regions, or IRs. This be-
avior is clearly visible in Figs 1 –8 , where step-like decreases in
R intensity correspond to enhancements in solar wind speed,
lasma density, and IMF strength. These multistep profiles reflect
he sequential passage of multiple modulating substructures, a
eature that distinguishes interacting events from isolated ICMEs,
hich typically produce simpler single-step or two-step (sheath
 ejecta) decreases (H. V. Cane 2000 ; M. Janvier et al. 2021 ). 
A genuine, three-step FD profile (sheath followed by two se-
uential ejecta/IR steps) is identified in two of the eight events
Events 4 and 7; Table 2 ), a configuration that is not possible for
n isolated ICME, which by definition contains at most one ejecta
nd hence at most a two-step FD. In four further events (1, 3, 5,
nd 6), the FD is built from two ejecta-related steps with a weak
r absent sheath contribution. For example, no sheath signature
as identified in Events 5 and 6, so that both decrease steps origi-
ate from ejecta material rather than the classical sheath-then-
jecta sequence. This ejecta- ejecta or ejecta-IR- ejecta sequenc-
ng is, to our knowledge, not reported for isolated ICME events
nd represents a genuine structural difference introduced by the
ME-CME interaction. By contrast, the quantitative properties of 
he FDs, namely the amplitude range (2.5–5.8 per cent), the per-
ubstructure decline rates (0.06–1.2 per cent h−1 ), and the recov-
ry durations (2–4 d), fall within the ranges reported for isolated
CME-driven FDs (I. G. Richardson & H. V. Cane 2011 ; M. Janvier
t al. 2021 ). We therefore find that the interacting events ana-
yzed here are distinguished from isolated ICMEs primarily by
he number and sequencing of modulating substructures, rather
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han by a systematic enhancement of the physical parameters 
ithin any individual substructure. 
The timing of FD onset relative to the arrival of IP shocks
hows significant variability across different events. In four out of 
ight cases (Events 2, 3, 5, and 6), the onset of the FD coincides
losely with the shock arrival time within the ±1.4 h measure-
ent uncertainty), indicating modulation associated with the 
heath region. However, in the remaining four events, the onset 
f FD occurs before the arrival of the shock by 3–11 h (Events
, 4, 7, and 8). For Events 7 and 8, the offsets of 5 and 11 h sub-
tantially exceed the measurement uncertainty and indicate gen- 
ine early onsets. Early FD onsets prior to shock arrival suggest
hat CR modulation can begin upstream of the shock, likely due 
o enhanced turbulence and magnetic field compression in that 
egion, or to the presence of preceding ICME material. Similar 
arly onsets have been reported by A. Papaioannou et al. ( 2020 ),
ho classified FD events based on the time delay between IMF
nhancement and FD profile (the tH parameter). We note that 
arly onsets are also occasionally reported for isolated ICMEs, 
ut the presence of preceding CME material in interacting events 
ay make them more likely in such configurations. 
Table 2 shows that the substructure with the largest CR inten-
ity decrease ( �CR) varies between events: ICME1 in two cases,
CME2 in three, merged ICME in two, and the IR in one. We note
hat identifying the substructure with the largest �CR does not 
ecessarily identify the ‘main driver’ of the FD, since in isolated
vents the sheath and ejecta can contribute comparably even 
hen the FD minimum falls within the ejecta (I. G. Richardson &
. V. Cane 2011 ). The peak IMF strength associated with FD min-
ma ranges from ∼14 to 40 nT (Table 1 ). Events with higher peak
 tend to show larger FD amplitudes, consistent with M. Janvier
t al. ( 2021 ), though our sample of eight events is insufficient to
stablish an independent correlation. 
A lag is observed between the time of maximum IMF strength

B) and the FD minimum, ranging from 1 to 17 h ( ±1.4 h un-
ertainty) across all events (Table 1 ). The physical origin of this
ag depends on the substructure in which the B peak occurs. For
vents where the B peak is in the sheath region, the lag can be
nterpreted as the cross-field diffusion time of CRs into the re-
ion of enhanced turbulent magnetic field (K. P. Arunbabu et al. 
015 ). For events where the B peak occurs within the magnetic
jecta, the FD minimum reflects the time-dependent balance 
etween perpendicular diffusion into the expanding flux rope 
nd its expansion, as described by diffusion-expansion models 
M. Dumbović et al. 2018 ). In this case the lag is not simply a
patial diffusion delay but reflects the evolving ejecta structure. 
he longest lag ( ∼17 h) is observed in the January 2012 event,
here multiple ICME substructures contribute sequentially. In 
uch cases, the measured lag between the global B peak and 
he global FD minimum may additionally reflect the cumulative 
assage of successive modulating regions, which cannot be dis- 
ntangled with the present data. 
The rate of decline in CR intensity varies between different 

CME substructures (Table 2 ). In several events, the ejecta or
erged ICME regions exhibit decline rates comparable to or ex- 
eeding those of the sheath (e.g. Event 2: 0.60 per cent h−1 in
CME1 versus 0.48 per cent h−1 in sheath; Event 3: 0.45 per cent
−1 in merged ICME). The fastest rate (1.2 per cent h−1 in Event 5)
s associated with the second shock arrival rather than a classical
heath. These observations suggest that in interacting events, the 
ompressed ejecta can produce rapid CR decreases, likely be- 
ause compression during CME–CME interaction amplifies the 
agnetic field within the ejecta beyond typical isolated-ICME 

alues. We therefore do not find a systematic pattern in which the
heath always produces faster decreases than the ejecta; rather, 
he relative rates vary between events depending on the magnetic 
eld strength and compression within each substructure. 
The time delay between the minimum FD and the minimum 

st index ranges from 0 to 8 h. In three events, the FD mini-
um coincides with the Dst minimum, while in others the ge-
magnetic response lags behind the CR modulation. This be- 
avior is consistent with earlier findings that FD and geomag- 
etic storms are related but not causally identical phenomena 
R. P. Kane 2010 ; B. Badruddin et al. 2019 ). The observed de-
ays suggest that, while both FD and Dst are driven by the same
nterplanetary structures, they respond to different physical pa- 
ameters: CRs are primarily sensitive to magnetic field strength 
nd turbulence, whereas geomagnetic activity depends strongly 
n the southward IMF component and the solar wind electric 
eld. The close correspondence observed in several interacting 
vents indicates that strongly compressed magnetic structures 
an simultaneously influence CR modulation and geomagnetic 
ctivity. 
All interacting ICME events analyzed in this study exhibit re- 
overy phases lasting between 2 and 4 d, with Events 5 and 8
xtending beyond 4 d. For comparison, H. V. Cane ( 2000 ) reported
hat for isolated ICME-driven FDs the recovery duration typically 
anges from 3 to 10 d, with an average of approximately 5 d. Our
bserved recovery durations of 2–4 d therefore fall within the 
ower end of the range reported for isolated ICMEs, and we do
ot claim they are systematically prolonged. The recovery phase 
f FDs extends well beyond the passage of the ICME structures
t 1 au, as the ambient CR density is gradually re-established
hrough diffusion from the surrounding heliosphere after the 
isturbed region has passed (H. V. Cane 2000 ; M. Janvier et al.
021 ). M. Janvier et al. ( 2021 ) showed that the recovery phase
xhibits an anisotropy in the GCR flux that is consistent with the
patial gradient of the CR density being filled in from the ambient
eliosphere, while I. G. Usoskin et al. ( 2008 ) demonstrated that
he recovery timescale depends on particle energy, with higher 
nergy CRs recovering faster due to their larger diffusion coeffi- 
ients. 
Our study shows that the rate of CR decrease varies across dif-

erent ICME substructures. In several events, ICMEs or merged 
tructures exhibit decline rates comparable to or exceeding those 
f the sheath region, indicating that strong magnetic compression 
n interacting CMEs plays an important role in rapid CR modula-
ion. From Table 2 , the dominant contributor to the FD amplitude
lso varies among events: ICME1 in two cases, ICME2 in three,
erged ICME in two, and the IR in one. This variability suggests
hat no single ICME substructure consistently controls the FD, 
nd that the relative contributions depend on the magnetic and 
lasma properties of the interacting CMEs. 
Based on the analysis of the eight events, the CR decrease is
bserved to occur predominantly within intervals of enhanced 
agnetic field, typically beginning near the ICME shock–sheath 
egion or just ahead of the shock, and reaching its minimum
ithin the ICME or the IR formed due to CME–CME interaction.
he onset of the CR decrease frequently coincides with enhance- 
ents in solar wind density and speed, and occasionally temper- 
ture, in the shock–sheath or leading ICME region, suggesting 
hat these parameters may contribute to the initial drop. However,
MNRAS 552, 1–13 (2026)
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hese plasma parameters do not consistently track the entire CR
epression. 
We further examined whether the eight events themselves
how any systematic patterns related to their interaction configu-
ation. Specifically, we considered whether the two CMEs merged
nto a single indistinguishable ejecta or remained as separate,
dentifiable structures, whether an IR was present, and the he-
iocentric distance at which the interaction occurred. In the two
erged events (Events 1 and 3), the B peak–FD minimum lag
s 6 and 5 h, respectively, close to the range typically reported
or sheath-dominated, cross-field diffusion in isolated ICMEs (K.
. Arunbabu et al. 2015 ). The longest lag in our sample (17 h,
vent 4) occurs in a separate structure event. In this event, the
D dominant ICME2 arrives well after the weaker ICME1 and its
heath. This suggests that widely separated successive substruc-
ures can extend the effective B–FD lag beyond typical values,
ut this result is based on a single event and should be treated as
llustrative rather than general. We also compared the interaction
istance from the Sun (as reported in the case studies cited in
ection 2 with the FD onset lead time relative to shock arrival
Table 1 ). Events in which the interacting CMEs collided rela-
ively close to the Sun (Event 7, ∼35 R�; Event 8, interaction
eported close to the Sun) show among the largest FD onset lead
imes in our sample (5 and 11 h, respectively), whereas events in
hich the interaction occurred farther out, closer to 1 au (Event 3,
145 R�; Event 6, ∼215 R�), show smaller lead times (2 and 1 h,
espectively). This is consistent with the physical expectation that
n earlier interaction allows more time for the compressed and
erged structure to precondition the upstream medium before
he primary shock arrives at 1 au, extending the region over which
R modulation can begin. We emphasize that with only eight
vents, this trend is suggestive rather than statistically robust,
nd a larger sample spanning a range of interaction distances
ould be required to confirm it. No clear relationship was found
etween the merged/separate distinction, or the presence of an
R, and the total FD amplitude, given the scatter present in our
mall sample. 
Overall, the interacting ICME events analyzed here exhibit
ultistep FD profiles arising from the sequential passage of mul-
iple substructures (sheath, ICME1, ICME2, IR), which is a struc-
ural feature not present in isolated single-ejecta events. The FD
mplitudes measured here (2.5–5.8 per cent) fall within or above
he ranges reported for isolated ICMEs (I. G. Richardson & H.
. Cane 2011 ; M. Janvier et al. 2021 ), and the recovery durations
2–4 d) are within the typical range for non-recurrent FDs (H. V.
ane 2000 ). The B peak–FD minimum lags observed in events
here the B peak is in the sheath (1–6 h) are consistent with the
ross-field diffusion times reported by K. P. Arunbabu et al. ( 2015 )
or isolated events, while longer lags (8–17 h) in events with mul-
iple sequential substructures may reflect the added complexity of 
nteracting configurations. A direct quantitative comparison with
 matched sample of isolated events would be needed to establish
hether interacting events produce systematically different FD
haracteristics in amplitude, duration, or decline rates. 
The event-by-event analysis shows that no consistent trend is

ound regarding whether the preceding or the following ICME
ontributes more significantly to the FD amplitude. It appears
hat dominant contributing substructures (ICME1/ICME2/IR)
xhibit enhancements in different plasma and magnetic param-
ters. In some events, the FD is mainly associated with strong
agnetic field compression, whereas in others, elevated solar
ind speed, density, and temperature indicate enhanced com-
NRAS 552, 1–13 (2026)
ression and/or turbulence that contribute significantly to CR
odulation. These factors together determine the effectiveness
f the diffusion barrier. A larger statistical sample is therefore re-
uired to determine which ICME substructure is more favorable
or producing stronger FD and whether it depends on the rela-
ive magnetic field configuration of interacting CMEs, collision
istance, and the nature of the CME-CME interaction. 

 CONCLUSIONS  

he analysis of eight interacting CME events and their associated
Ds leads to the following conclusions: 

(i) All interacting ICME events produced clear non-recurrent
Ds with amplitudes ranging from ∼2.5 per cent to ∼5.8 per cent.
he strongest geomagnetic storm (Dst ∼−223 nT) corresponds to
he largest FD amplitude, although only a moderate correlation is
bserved between FD and Dst, indicating that they are governed
y different physical processes. 
(ii) The FD profiles generally exhibit multistep structures cor-

esponding to successive substructures such as shock-sheath re-
ions, ICME1, ICME2, merged ICMEs, and IRs. This behavior
ontrasts with isolated ICME events and indicates that interact-
ng CMEs form extended and complex diffusion barriers with
ultiple substructures. 
(iii) The FD onset relative to the interplanetary shock varies
mong events, with some onsets coinciding with the shock and
thers occurring 3–11 h earlier. This suggests that CR modulation
an begin upstream of the shock in some interacting CME events.
his suggests that CR modulation can act as an early indicator of 
pproaching interplanetary shock. 
(iv) Overall, the CR-decreasing phase is primarily associated
ith enhanced magnetic field conditions, while density and
peed may play a secondary role during the onset or early phase,
nd temperature does not show a systematic correspondence
cross the events. 
(v) A lag of 1–17 h ( ±1.4 h uncertainty) is observed between

he IMF peak and FD minimum. The physical origin of this lag
iffers between substructures: in the sheath it reflects cross-field
iffusion time (K. P. Arunbabu et al. 2015 ), while in the ejecta
t reflects the evolving balance between perpendicular diffusion
nd flux-rope expansion (M. Dumbović et al. 2018 ). The delay
etween the FD minimum and the Dst minimum ranges from
 to 8 h, reflecting the distinct physical drivers of CR modulation
nd geomagnetic activity. 
(vi) All events exhibit recovery phases lasting 2–4 d, within the

ange typically reported for non-recurrent ICME-driven FDs (H.
. Cane 2000 ; M. Janvier et al. 2021 ). No consistent trend is found
egarding whether the preceding or following ICME contributes
he largest CR decrease, indicating that the relative contributions
epend on the magnetic and plasma properties of individual sub-
tructures in each event. A larger statistical sample is needed to
etermine whether systematic differences exist between interact-
ng and isolated ICME-driven FDs. 
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