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Abstract Interplanetary structures such as shocks, sheaths, interplanetary counterparts
of coronal mass ejections (ICMEs), magnetic clouds, and corotating interaction regions
(CIRs) are of special interest for the study of the transient modulation of galactic cos-
mic rays (GCRs). These structures modulate the GCR intensity with varying amplitudes
and recovery-time profiles. It is known that ICMEs are mainly responsible for Forbush de-
creases in the GCR intensity. However, not all of the ICMEs produce such decreases in
GCR intensity. We utilize GCR intensity data recorded by neutron monitors and solar-wind
plasma/field data during the passage of ICMEs with different features and structures, and we
perform a superposed-epoch analysis of the data. We also adopt the best-fit approach with
suitable functions to interpret the observed similarities and differences in various parame-
ters. Using the GCR-effectiveness as a measure of the cosmic-ray response to the passage of
ICMEs, about half of the ICMEs identified during 1996 – 2009 are found to produce mod-
erate to very large intensity depressions in GCR intensity. The ICMEs associated with halo
CMEs, magnetic-cloud (MC) structures, bidirectional superthermal electron (BDE) signa-
tures, and those driving shocks are 1.5 to 4 times more GCR effective than the ICMEs not
associated with these structures/features. Further, the characteristic recovery time of GCR
intensity due to shock/BDE/MC/halo-CME-associated ICMEs is larger than those due to
ICMEs not associated with these structures/features.

Keywords Galactic cosmic rays · Solar modulation · Forbush decrease · Coronal mass
ejection

1. Introduction

In the heliosphere, the large-scale structure of the solar wind is dominated by two types of
interplanetary disturbances: transient and corotating disturbances. Corotating disturbances,
associated with spatial variability and solar rotation, occur in response to the interaction of
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fast and slow solar winds. Transient disturbances, due to episodic solar eruptions, expand
outward from the Sun into interplanetary space (Gosling, 1996).

The galactic cosmic-ray (GCR) intensity is modulated by long-term effects such as the
≈11-year solar-activity cycle and the ≈22 year solar magnetic cycle as well as by short-
term effects such as the passage of corotating flows (high-speed streams) and transient dis-
turbances (e.g. interplanetary coronal mass ejections). Recurrent depressions in GCR inten-
sity due to corotating fields and flows and Forbush decreases due to transient disturbances
have been studied in the past (see, e.g., Lockwood, 1971; Rao, 1972; Iucci et al., 1989;
Venkatesan and Badruddin, 1990; Cane, 2000; Kudela et al., 2000; Gupta and Badruddin,
2009; Oh and Yi, 2009; Kane, 2010; Wawrzynczak and Alania, 2010; Abbrescia et al., 2011;
Modzelewska and Alania, 2012; Sabbah and Kudela, 2012, and references therein).

Short-term transient depressions caused generally by ICMEs and particularly by mag-
netic clouds have been studied extensively and many features of the resulting depressions in
GCR intensity, including their recovery characteristics, have been clarified (see, e.g. Badrud-
din, Yadav, and Yadav, 1986; Zhang and Burlaga, 1988; Nagashima et al., 1990; Kahler
and Reames, 1991; Lockwood, Webber, and Debrunner, 1991; Cane, 1993; Mavromichalaki
et al., 2003; Dorotovic et al., 2008; Usoskin et al., 2008; Richardson and Cane, 2011, and
references therein). However, important features of fields and flows, their magnetic struc-
ture, and the physical processes playing the dominant role are yet to be clearly identified
(see, e.g., Jordan et al., 2011; Richardson and Cane, 2011; Dumbovic et al., 2012; Kudela,
2012).

Forbush decreases are characterized by a rapid reduction in cosmic-ray intensity within
one to two days followed by a slow recovery typically lasting several days. After their dis-
covery (Forbush, 1937), the search began for their solar sources, responsible interplane-
tary structures, and physical mechanisms playing an important role. Simpson (1954) related
these decreases to solar activity, and individual decreases were generally attributed to solar
flares before the beginning of space age or even after (see reviews: e.g. Lockwood, 1971;
Venkatesan and Badruddin, 1990). However, with the advent of space coronagraphs in the
1970s and subsequent observations of coronal mass ejections (CMEs) and their interplane-
tary counterparts (ICMEs), it was realized that CMEs instead of solar flares may be the solar
cause of Forbush decreases. It is known that only some of the observed ICMEs produce the
Forbush decrease in GCR intensity. Cane (2000) states that the maximum of the depression
is about 25 % for neutron monitors.

ICMEs with speed from about 300 km s−1 up to about 1000 km s−1 have been observed.
The field enhancements in the ICMEs may have values from a few nT up to about 40 nT
(Richardson and Cane, 2010). It is also observed that ICMEs observed in near-Earth space
may or may not be associated with shock/sheath (Cane and Richardson, 2003), bidirectional
superthermal electron events (Gosling et al., 1987), and magnetic-cloud structures (Gosling,
1990; Richardson and Cane, 2010). Furthermore, the CMEs may have halo structure or
not (e.g. Gopalswamy, Yashiro, and Akiyama, 2007), where halo CMEs are those with an
apparent width of 360 degrees. In this work, we analyze the ground-based neutron-monitor
data together with the interplanetary plasma and field data during the passage of ICMEs
associated with different features and structures in interplanetary space.

Burlaga et al. (1981) and Klein and Burlaga (1982) identified magnetic clouds, a subset of
CMEs, in the interplanetary plasma and field data obtained from space-based observations.
Subsequently, the role of magnetic clouds and their associated structures (shock/sheath) in
producing Forbush decreases were studied extensively (e.g. Badruddin et al., 1985; Badrud-
din, Yadav, and Yadav, 1986; Zhang and Burlaga, 1988; Iucci et al., 1989; Badruddin,
Venkatesan, and Zhu, 1991; Lepping et al., 1991; Lockwood, Webber, and Debrunner,
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1991; Venkatesan et al., 1992; Ananth and Venkatesan, 1993; Cane, 1993; Cane, Richard-
son, and von Rosenvinge, 1996; Cane, Richardson, and Wibberenz, 1997). These and
many other such studies have lead to the suggestion that ICMEs cause Forbush decreases
(Cane, 2000). Subsequent studies of the effect of ICME-related interplanetary disturbances
on cosmic rays (e.g. Badruddin, 2002; Singh and Badruddin, 2007; Quenby et al., 2008;
Subramanian et al., 2009; Yu et al., 2010; Jordan et al., 2011; Richardson and Cane, 2011;
Dumbovic et al., 2011, 2012; Augusto et al., 2012; Oh and Yi, 2012; Babu et al., 2013;
Blanco et al., 2013) have utilized solar, interplanetary, and ground-based observations
and provided further insight about Forbush decreases, e.g. their solar sources, interplan-
etary structures, important plasma/field parameters, and physical mechanisms playing an
important role in deciding the amplitude and recovery characteristics of these decreases.
However, regarding the relative importance of shock/sheath, ICME/MC (see, e.g., Badrud-
din, Yadav, and Yadav, 1986; Cane, 1993; Babu et al., 2013; Blanco et al., 2013), one-
step/two-step decrease (see, e.g. Cane, 2000, Jordan et al., 2011), open/closed-field topol-
ogy (Reames, Kahler, and Tylka, 2009; Richardson and Cane, 2011), and field turbu-
lence/strength (Badruddin, Venkatesan, and Zhu, 1991; LeRoux and Potgieter, 1991; Wib-
berenz et al., 1998; Dumbovic et al., 2012), some questions still remain open.

It is important, therefore, to identify GCR-effective ICMEs and study their plasma/field
properties, related features, and structures in relation to the Forbush decreases produced by
them.

2. Data, Event-Selection, and Analysis

Using spacecraft data, useful catalogues of ICMEs have been prepared and published for
various durations: e.g. 1996 – 2002 (Cane and Richardson, 2003), 1996 – 2000 (Gopal-
swamy et al., 2001), 1995 – 2004 (Jian et al., 2006), and 1996 – 2009 (Richardson and Cane,
2010). The catalogue by Richardson and Cane (2010) covers the whole of Solar Cycle 23
and gives a large amount of information and data as regards near-Earth ICME. The in-
formation as regards ≈300 ICMEs regarding their timing, associated structures/features,
and some other related data formed the basis of this work. Furthermore, interplanetary
plasma and field data were utilized from the NASA OMNIWEB data base. Neutron-
monitor data for cosmic-ray intensity were used from two locations: Kiel and Calgary.
Data for two neutron-monitor stations were utilized to confirm that the observed changes
in intensity are real and not due to any instrumental problem or any local effect. These
data are analyzed by the method of the superposed-epoch (Chree) analysis (Chree, 1912;
Singh and Badruddin, 2006).

We utilize 14 years (1996 – 2009) of ICME data and study their response in GCR-
intensity changes (decreases) as recorded by ground-based neutron monitors. For this statis-
tical study of the GCR-response to these ICMEs, based on the degree of their “effectiveness”
in producing depressions in GCR intensity, we have divided ICME “GCR-effectiveness” in
five groups using Kiel data. In partial analogy with the so-called “geo-effectiveness”, we
name and divide the “GCR effectiveness” of ICMEs into five groups and call them, on the
basis of their effects in modulating GCR intensity [I : counts per minute]: quiet (�I ≈ 0.0),
small (�I ≈ −0.01 to −0.49 %); moderate (�I ≈ −0.50 to −1.49 %); large (�I ≈ −1.50
to −2.99 %); and very large (�I larger than −3.00 %) depressions. For calculating �I , the
intensity data are first normalized to the 6 May 1997 value. Then the difference �I [%] is
obtained from plots corresponding to each ICME event, i.e. the change in intensity �I [%]
after the arrival of each ICME is found from these plots. We find that nearly half (48.4 %) of
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the ICMEs either did not produce any depression in GCR intensity at all (17.3 %) or small
depressions of less than 0.5 % (31.1 %). The rest of the ICMEs produce either the so-called
moderate (27.3 %), large (11.8 %), and/or very large (12.5 %) intensity depressions. Such a
wide range in GCR effectiveness of ICMEs motivated us to look for the distinctions, if any,
in the properties of the average interplanetary plasma and field behavior during the passage
of ICMEs responsible for the depressions of different ranges (small, moderate, large, and
very large).

3. Results and Discussion

3.1. Average Plasma/Field Properties During Passage of ICMEs of Different GCR
Effectiveness: Superposed Epoch Analysis

We have selected several interplanetary plasma/field parameters together with the GCR in-
tensity as measured by two neutron monitors located at different positions on the Earth. The
velocity of the solar wind and magnitude of the magnetic field are two important parame-
ters for modulation of galactic cosmic rays. In addition to these two parameters, solar-wind
velocity [V , km s−1] and interplanetary magnetic-field vector [F , nT], we have selected,
for our analysis, the standard deviation in the field vector [σF, nT] and the ratio σF/F as
measures of fluctuations in magnetic-field vector. The plasma’s β is also selected, as it pro-
vides information as regards the ratio of thermal [nkT ] to magnetic [B2/2μ0] pressures
during the passage of ICME structures. The interplanetary electric field [E, mV m−1] is also
utilized as it is considered as an important modulation parameter. As a measure of GCR
intensity at the Earth, we have utilized neutron-monitor data recorded at two stations: Cal-
gary (latitude = 51.05 N, longitude = 114.08 W, cut-off rigidity Rc = 1.09 GV) and Kiel
(latitude = 54.30 N, longitude = 10.10 E, cut-off rigidity Rc = 2.36 GV). The superposed-
epoch analysis results with respect to arrival time (zero hour) of ICME disturbances of the
five groups of ICMEs are shown in Figure 1a – 1e. These show the average amplitude and
temporal profile of various parameters before the arrival, during, and after the passage of
each group of ICMEs.

We observe that the GCR depression, in four out of five cases (see Figure 1a – 1e) starts
[A] near zero hour [arrival time of ICME-related disturbance], a sharper decrease at first
up to a few hours [B], a slower decrease until minimum intensity [C], and then recovery
to pre-decrease level [D] taking a much longer time. These timings are shown by vertical
lines [A, B, C, and D], respectively, in these figures. However, as shown in Figure 1a for the
“quiet” group of ICMEs, there is essentially no decrease in GCR intensity after zero hour:
i.e. arrival of the ICME. In this case, as evident from superposed results, the enhancements
in V , F , and E as well as the level of σF are very small. Differences in amplitudes (Table 1)
and time profiles (Figure 1a – 1e) can be seen.

The parameters V , F , and E increase sharply and reach a maximum level during the first
few hours duration (≈ six – ten hours) of the passage of the ICME structures. During this
period, σF and σF/F are also were enhanced, indicating the dominance of the passage of
the magnetically turbulent region. This period [AB] corresponds to a relatively faster rate
of depression in GCR (see Figure 1a – 1e). During the period of subsequent slower decrease
in GCR intensity up to lowest level [BC], although still high, the trend in V , F , and E is a
decreasing one. Further, during this period, the values of σF, σF/F , and the plasma’s β are
very low, indicating the passage of a magnetically quiet but high-field region. This region
[BC] probably corresponds to the passage of the CME/magnetic-cloud structure. Then the
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Figure 1 Superposed-epoch
analysis of GCR intensity of
neutron monitors at Kiel and
Calgary and
interplanetary-plasma field
parameters; velocity [V ],
magnetic-field vector [F ],
standard deviation of field vector
[σF], ratio [σF/F ], plasma β , and
electric field [E] with respect to
arrival time (zero hour) of ICME
disturbances producing
depressions in GCR intensity of
different range; (a) quiet,
(b) small, (c) moderate, (d) large,
and (e) very large depressions.

GCR recovery starts [C] and recovers during the period marked CD. During this period V ,
F , and E are decreasing but σF, σF/F , and β have almost stabilized to the pre-event level
[before A].

It is known that the magnetic field is enhanced during the passage of shock/sheath regions
(if and when developed ahead of CMEs) as well as in the following CME/magnetic-cloud
structures (e.g. Klein and Burlaga, 1982; Badruddin, Yadav, and Yadav, 1986; Gosling, 1990;
Venkatesan et al., 1992; Badruddin and Singh, 2009). However, the field is likely to be
turbulent inside the sheath region, while high-field ICME/magnetic-cloud structures are,
in general, magnetically “quiet” (Zhang and Burlaga, 1988; Badruddin, Venkatesan, and
Zhu, 1991; Liu et al., 2006; Yu et al., 2010). The initial step of fast decreasing intensity
[AB] appears to coincide with the passage of a magnetically turbulent high-field region
(e.g. shock/sheath); the next step of a slow decrease in intensity [BC] is likely to take place
during the passage of the magnetically quiet high-field region (e.g. CME/magnetic cloud),
and recovery is likely to start after the passage of this region and the recovery time [CD]
may be influenced by the solar-wind speed profile. This is consistent with the hypothesis
made by Badruddin, Venkatesan, and Zhu (1991) (see also Yu et al., 2010). Another point to
be mentioned here is that the last group, with maximum amplitude and duration of decrease,
appears to be influenced by multiple ICME events passing one after the other. In Figure 1e,
the substructures in plasma/field data, especially V and F , can be seen by multiple jumps
after the start of the GCR intensity both during the decreasing and recovery phase. It is
worth mentioning here that multiple ICMEs may also produce geomagnetic storms of larger
intensity (see, e.g., Farrugia and Berdichevsky, 2004; Gopalswamy, Yashiro, and Akiyama,
2007; Zhang et al., 2007).
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Figure 1 (Continued)

3.2. Distribution of Plasma/Field Parameters for ICMEs with Different GCR Effectiveness

Having studied the average plasma and field properties associated with ICMEs producing
depressions of different range in GCR intensity, it will be useful to look for the differences in
the distribution of some important plasma/field parameters (e.g. speed, magnetic, and elec-
tric fields) during the passage of ICMEs of different GCR effectiveness. These distributions
for the peak values of speed [km s−1], vector magnetic field [nT], and electric field [mV m−1]
producing different ranges (groups) of depressions in GCR intensity are shown, respectively,
in Figures 2a, 2b, and 2c. To see the quantitative differences in different values and the
spread in the distribution, the Gaussian [y = y0 + (A/w

√
π/2) exp(−2(x − xc)

2/w2)] fitted
curves are also shown over the respective histograms. From these plots we observe that, in
general,

i) the frequency distribution shifts towards higher ranges of Vmax, Fmax, and Emax from
the first group (quiet) towards the last group (very large) of ICMEs, producing GCR
effectiveness of increasing range,

ii) the peak values of these parameters systematically shift towards higher values, and
iii) the spread in frequency distributions (full width at half maximum, wc = w

√
ln 4) is also

larger for higher groups.

These values for different groups of GCR-effective ICMEs are tabulated in Appendix A
(Tables 7, 8, and 9).
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Figure 1 (Continued)

3.3. GCR Effectiveness of ICMEs Associated with Different Structures/Features:
Superposed Epoch Analysis

We study the average plasma/field parameters and GCR effectiveness of ICMEs by di-
viding them into different groups based on their effectiveness in modulating GCR in-
tensity, without consideration of any distinction in their types and/or associated fea-
tures/structures. However, differences have been reported in plasma/field properties and
the geomagnetic/ionosphere/cosmic-ray response of halo and non-halo CMEs (e.g. Gopal-
swamy, Yashiro, and Akiyama, 2007), magnetic-cloud/non-magnetic-cloud structure ICMEs
(Marcz, 1992; Badruddin, 1998; Badruddin and Singh, 2009; Alves, Echer, and Ganza-
lez, 2011), ICMEs observed with bidirectional electron flows (BDEs) and without BDEs
(Gosling et al., 1987) and ICMEs driving a shock/sheath structures and those not associated
with a shock/sheath region (e.g. Badruddin, 2002; Oh and Yi, 2012). Therefore, it is impor-
tant to study in detail the relative GCR effectiveness of different structures/features associ-
ated/not associated with ICMEs. It will help us not only in identifying the structures/features
of importance but also to understand the physical mechanisms playing important roles in
the transient modulation of galactic cosmic rays.

We have performed a superposed-epoch analysis of GCR-intensity and interplanetary
plasma/field parameters with respect to ICMEs associated with shocks (see Figure 3a) and
those not associated with any shock (Figure 3b). It is observed that there is a large difference
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Figure 3 Superposed-epoch analysis results of GCR-intensity and interplanetary-plasma and field parame-
ters; velocity [V ], magnetic-field vector [F ], standard deviation of field vector [σF], ratio [σF/F ], plasma β ,
and electric field [E] with respect to passage of ICMEs associated with (a) a shock/sheath and (b) ICMEs not
associated with a shock/sheath region.

between the amplitude and time profiles of GCR-intensity depressions in the two cases; the
depression due to shock/sheath-associated ICMEs is a Forbush-decrease type with a much
stronger decrease, while it is only a small depression in case of ICMEs without shocks. The
average GCR effectiveness of shock-associated ICMEs is about four times higher than those
not associated with shock/sheath regions (see Table 2a). The difference in enhancements
of various parameters during the passage of shock-associated ICMEs and ICMEs without
shocks can be seen in Figures 3a and 3b; enhancements in various parameters (V , F , σF,
σF/F , and E) are larger during shock-associated ICMEs than ICMEs not associated with
shocks. To quantify it, the ratio of the averaged peak values (e.g. Vmax) and enhancements
(e.g. �V ) in various interplanetary plasma/field parameters during ICMEs with and without
shock have also been calculated (see Table 2a). This ratio in peak values of various parame-
ters [Vmax, Fmax, σFmax , and Emax] is about 1.2 to 2. However, the enhancements in individual
parameters [�V , �F , �σF, �E] are 3 to 6 times larger in case of shock-associated ICMEs
than ICMEs without shocks.

Similar analyses have been performed by dividing the Solar Cycle 23 ICMEs in two
groups:

i) those associated with bidirectional superthermal electron events (BDEs) and
ii) those not showing a BDE signature.
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Figure 4 Superposed-epoch analysis results of GCR-intensity and interplanetary-plasma and field parame-
ters: velocity [V ], magnetic-field vector [F ], standard deviation of field vector [σF], ratio [σF/F ], plasma β ,
and electric field [E] due to ICMEs, (a) with bidirectional superthermal electron flows (BDEs), and (b) with-
out BDEs.

The superposed-epoch plots of GCR-intensity and plasma/field parameters with respect to
ICMEs with BDE and those not with BDE signature are shown in Figures 4a and 4b, respec-
tively. Differences in amplitudes and time profiles in the GCR-intensity as well as interplan-
etary parameters are evident from these two figures. The GCR effectiveness of BDE-ICMEs
as compared to non-BDE ICMEs is about 3.5 times larger, on the average (see Table 2a).
The enhancements in peak values of various parameters (Vmax, Fmax, σFmax , Emax) are about
1.2 to 2 times higher in case of BDE-ICMEs than non-BDE ICMEs. However, the ratio of
enhancements in various parameters (�V , �F , �σF, �E) is about 2 to 3 times larger for
BDE-ICMEs than non-BDE ICMEs; these values are tabulated in Table 2a. However, when
BDE-ICMEs were divided on the basis of their occurrence with bidirectional energetic ion
flows (BIF) and without BIF signatures, and superposed-epoch analysis of GCR-intensity
and solar-wind parameters were performed with respect to arrival of BDE-ICME with and
without BIFs, no great difference in their GCR effectivenesses was found except some dif-
ference in temporal profiles (see Figures 5a, 5b, and Table 2a). Similarly the changes in solar
plasma and field parameters, considered here, are not very different in the two cases.

We have considered two sets of Solar Cycle 23 ICMEs:

i) those reported as magnetic clouds and
ii) those whose plasma and field properties are not similar to those of magnetic clouds.
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Figure 5 Superposed-epoch analysis results of GCR-intensity and interplanetary-plasma and field param-
eters; velocity [V ], magnetic-field vector [F ], standard deviation of field vector [σF], ratio [σF/F ], plasma
β , and electric field [E] with respect to (a) ICMEs with bidirectional superthermal electron flows (BDEs) as
well as bidirectional energetic ion flows (BIFs), and (b) ICMEs with BDEs but without BIFs.

To see whether magnetic clouds are more GCR effective than non-magnetic cloud ICMEs
or not, we have adopted a similar approach as to that used in earlier cases, and we performed
superposed-epoch analysis of GCR-intensity and plasma/field parameters with reference to

i) ICMEs with magnetic cloud structures and
ii) ICMEs not showing magnetic cloud features.

It is found (see Figures 6a and 6b) that magnetic clouds are, on average, about twice as
GCR-effective as non-magnetic cloud ICMEs. As regards the differences in variations in
plasma/field parameters, it is observed that, although the average speed and enhancement in
it is almost same in two cases, the vector magnetic-field and electric-field enhancement in
the case of magnetic clouds is almost twice as large as in the case of non-magnetic cloud
ICMEs (see Table 2a).

A superposed-epoch analysis with respect to ICMEs related to halo CMEs and non-
halo CMEs also shows a difference in the GCR effectiveness of two type of CMEs; halo
CMEs are more GCR-effective than non-halo CMEs; the relative GCR-effectiveness is about
1.5 times larger for halo CME as than non-halo CMEs. Differences in solar-wind speed, IMF
strength, and electric fields are also observed (see Figures 7a, 7b, and Table 2a).

From the above discussions it is clear that the ICMEs associated with shocks/BDEs/MCs/
halo-CMEs are more GCR-effective than ICMEs not associated with these structures/features.
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Figure 6 Superposed-epoch analysis results of GCR-intensity and interplanetary-plasma and field param-
eters; velocity [V ], magnetic-field vector [F ], standard deviation of field vector [σF], ratio [σF/F ], plasma
β , and electric field [E] with respect to (a) ICMEs reported to be magnetic clouds (MC) and (b) ICMEs not
showing magnetic-cloud structure (non-MC).

Each group (BDE/MC/halo) was subdivided into shock/no shock cases. A large difference
in their GCR-effectiveness is observed; shock/sheath-associated BDE/MC/halo ICMEs are
much more GCR-effective than those not associated with any shock/sheath region (see Ta-
ble 2b). This result again emphasizes the role of magnetic turbulence in sheath regions as is
evident from the ratios of �σF (see also Badruddin, Venkatesan, and Zhu, 1991; Yu et al.,
2010; Dumbovic et al., 2011).

We have shown that the GCR effectiveness of ICMEs associated/not associated with
different structures/features is not similar, and there are distinctions in the distribution of
different ranges of GCR depressions from quiet, small, moderate, large, up to very large
depressions. Therefore, it is important to look for the distribution of various plasma/field
parameters. We have studied these distributions for three parameters [Vmax, Fmax, and Emax]
by dividing these parameters into suitable bins. These distributions for Vmax are shown
for shock/non-shock ICMEs, BDE/non-BDE ICMEs, magnetic cloud/non-magnetic cloud
ICMEs, and halo/non-halo ICMEs (Figure 10 in Appendix B). Similar distributions for Fmax

(Figure 11 in Appendix B) and Emax (Figure 12 in Appendix B) are also plotted. Central
peak values [xc], full width at half maximum [wc], and the product xcwc are also calculated
for each structure and the parameters after fitting a Gaussian function. These values are
tabulated in Appendix C (Tables 10, 11, and 12). A clear difference in the values of the fre-
quency distributions [xc, wc, and xcwc] for different parameters [Vmax, Fmax, and Emax] due
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Figure 7 Superposed-epoch analysis results of GCR-intensity and interplanetary-plasma and field parame-
ters: velocity [V ], magnetic-field vector [F ], standard deviation of field vector [σF], ratio [σF/F ], plasma β ,
and electric field [E] for ICME structures due to (a) halo CMEs and (b) for ICME structures other than halo
CMEs (non-halo).

to shock/no-shock, BDE/non-BDE, magnetic cloud/non-magnetic cloud and halo/non-halo
ICMEs can be seen (see Appendix B and Appendix C).

3.4. GCR Effectiveness of ICMEs with Different Structures/Features: Statistical Results

As discussed in Section 3.1, we have divided the GCR effectiveness of ICMEs into five
convenient groups, on the basis of their effects in modulating GCR intensity:

i) quiet (�I ≈ 0.0);
ii) small (�I ≈ −0.01 to −0.49 %);

iii) moderate (�I ≈ −0.50 to −1.49 %);
iv) large (�I ≈ −1.50 to −2.99 %), and
v) very large (�I larger than −3.00 %) depressions.

The contributions of ICMEs associated/not associated with different structures/features
to the different groups of depressions (quiet, small, moderate, large, and very large) are
given for shock/no-shock ICMEs, BDE/No-BDE ICMEs, BDE-BIF/BDE-no-BIF, mag-
netic cloud/non-magnetic cloud, and halo/non-halo ICMEs (see Table 3). It can be seen
from this table that, in general, shock/BDE/MC/halo ICMEs are more often associated
with “large” and “very large” GCR effectiveness than the no-shock/no-BDE/no-MC/no-
halo ICMEs. This difference is most prominent in the case of shock/sheath-associated
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Table 4 Correlation coefficient
[R] and slope from the best-fit
linear curve between average
GCR-intensity change and
various parameters obtained from
superposed-epoch analysis
during the passage of ICMEs
with different GCR effectiveness
and associated/not associated
with different structures/features.

Serial
No.

Parameters �I [%]

Linear fit

R Slope

1 Vmax [km s−1] −0.91 −0.02 ± 0.00

2 �V [km s−1] −0.95 −0.02 ± 0.00

3 Fmax [n T] −0.96 −0.37 ± 0.03

4 �F [n T] −0.94 −0.37 ± 0.03

5 σFmax [n T] −0.95 −0.57 ± 0.04

6 �σF [n T] −0.95 −0.60 ± 0.05

7 (σF/F )max −0.65 −4.52 ± 1.27

8 �(σF/F ) −0.50 −3.92 ± 1.65

9 Emax [mV m−1] −0.97 −0.48 ± 0.03

10 �E [mV m−1] −0.98 −0.52 ± 0.02

11 βmax 0.41 0.42 ± 0.22

ICMEs rather than those not associated with the shock/sheath region. This again em-
phasizes the role of the shock/sheath region in producing larger depressions in GCR
intensity (see also Zhang and Burlaga, 1988; Badruddin, Venkatesan, and Zhu, 1991;
Lockwood, Webber, and Debrunner, 1991; Oh, Yi, and Kim, 2008; Yu et al., 2010;
Dumbovic et al., 2012).

3.5. Decrease Amplitude and Its Dependence on Interplanetary Parameters: Quantitative
Relationship

In Tables 1 and 2a, 2b, we have tabulated the amplitudes/enhancements in various param-
eters including GCR intensity obtained from superposed plots. Using the values given in
these tables, we obtained the linear relationship between the GCR-intensity depression �I

[%] at Kiel and other tabulated parameters. The linear-correlation coefficients so obtained
and the rate of change of GCR intensity with various parameters are given in Table 4. Scatter
plots and best-fit linear curves with magnetic and electric fields are also plotted in Figures 8a
and b. However, it should be noted that the linear fit is obtained from the averages, which
are not independent, as the same events are present in various classes of data points. On the
basis of these fits, using averaged values of parameters, the GCR intensity is found to de-
crease at a rate of −0.37 % per unit increase in the vector magnetic field [nT] and −0.48 %
per unit increase in the electric field [mV m−1] during the passage of ICMEs.

3.6. Recovery Characteristics of Depressions in GCR-Intensity Due to ICMEs

We have studied the recovery characteristics of GCR-intensity depression for the av-
eraged recovery profiles obtained due to depressions of different GCR effectiveness
(small, moderate, large, and very large depressions) and due to ICMEs with different
features/structures (shock/no-shock, BDE/no-BDE, magnetic cloud/non-magnetic cloud,
halo/non-halo ICMEs). We have also fitted an exponential [y = y0 + Ae(−x/τ)] to these
recovery profiles (see Figures 13, 14, and 15 in Appendix D and Table 5). The characteristic
recovery time [τ ] increases with GCR effectiveness (Table 5); it is larger for the shock-
associated ICMEs than for those not associated with shocks. A similar trend in differences
in characteristic time can be seen in the case of BDE/non-BDE ICME, and halo/non-halo
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Figure 8 Best-fit linear curve
between averaged GCR-intensity
depression [�I , %] and
(a) magnetic-field amplitude
[Fmax, nT], (b) electric-field
amplitude [Emax, mV m−1] due
to ICMEs with different
GCR-effectiveness and ICMEs
associated/not associated with
different structures/features.

ICMEs. The characteristic recovery time [τ ] is larger for BDE-ICMEs than for non-BDE-
ICMEs and it is larger for halo ICMEs than for non-halo ICMEs (Table 5).

We have also tried to search for the parameter out of those considered here [V , F , σF,
σF/F , β , and E] that best correlates with the rate of change in the intensity of GCR during
its recovery. Out of these parameters, we find that, during recovery, it is better correlated
with solar-wind speed (even better than F and E), at least during recovery after passage of
shock/sheath-associated ICMEs, BDE-associated ICMEs and halo-CMEs (see Table 6).

From our averaged plots, we have also attempted to find whether the speed of the ICME
disturbance during its passage to Earth is related to the recovery time (i.e. the time period
from the minimum of the depression to the point of GCR intensity returning to the pre-
decrease value) of the GCR-intensity depression or not. A linear-regression plot (Figure 9)
between Vmax and the recovery time of the depression shows that the speed of the ICME-
related disturbance may influence the recovery time after the depression.

4. Summary and Conclusions

From the statistical and superposed-epoch analysis presented in this article, we summarize
our conclusions:

• Nearly half (48.4 %) of the ICMEs identified in the near-Earth interplanetary plasma/field
data near the Earth either do not produce any depression in GCR intensity (17.3 %) or pro-
duce small depressions of less than 0.5 % (31.1 %). The rest of the ICMEs either produce



A. Kumar, Badruddin

Table 5 Characteristic recovery
time [τ , hours] of GCR intensity
with determination coefficient
[R2] due to ICMEs of different
GCR-effectiveness, ICMEs
associated/not associated with
different structures/features and
different ICMEs with/without
shocks.

GROUP/ICME
Structure

Recovery Phase

Exponential fit

R2 τ [hours]

Small 0.79 30.83 ± 2.16

Moderate 0.89 71.24 ± 4.64

Large 0.78 100.80 ± 13.78

Very large 0.97 333.33 ± 55.34

Shock 0.99 146.75 ± 5.11

No Shock 0.89 57.41 ± 3.57

BDE 0.98 158.42 ± 7.28

No BDE 0.87 61.78 ± 3.89

MC 0.97 118.48 ± 5.16

No MC 0.96 122.46 ± 6.38

Halo 0.98 109.26 ± 3.78

No Halo 0.91 75.16 ± 5.56

BDE with Shock 0.98 173.13 ± 7.63

BDE without Shock 0.91 163.28 ± 16.46

MC with Shock 0.98 144.71 ± 6.92

MC without Shock 0.52 36.40 ± 5.18

Halo with Shock 0.98 112.18 ± 3.70

Halo without Shock 0.86 58.36 ± 4.24

Table 6 Correlation coefficients between the rate of change in the GCR intensity during the recovery phase
and various parameters for ICMEs associated with different structures and different GCR effectiveness.

ICME
Structure

Recovery Phase

Correlation [R] between �I and different parameters during recovery

V F σF σF/F β E

Shock −0.94 −0.80 −0.13 0.58 0.82 −0.87

No- Shock −0.18 −0.65 0.28 0.50 0.45 −0.67

BDE −0.93 −0.82 −0.37 0.60 0.70 −0.87

No-BDE −0.47 −0.67 0.51 0.03 0.64 −0.66

MC −0.92 −0.75 −0.24 0.54 0.58 −0.84

No-MC −0.75 −0.72 0.07 0.47 0.56 −0.67

Halo −0.92 −0.78 −0.01 0.61 0.77 −0.82

No-Halo −0.59 −0.32 0.25 0.33 0.59 −0.53

Small −0.33 −0.92 0.52 0.72 0.58 −0.91

Moderate −0.82 −0.87 −0.32 0.51 0.76 −0.89

Large −0.72 −0.73 0.02 0.38 0.45 −0.69

Very large −0.95 −0.64 −0.36 −0.05 0.75 −0.67

the so-called moderate (27.3 %), large (11.8 %), or very large (12.5 %) depressions in
GCR intensity.
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Figure 9 Linear-regression plot
between Vmax [km s−1] and
GCR-intensity recovery time
[hours], obtained from
superposed-epoch plots, due to
ICMEs with different GCR
effectiveness and ICMEs
associated/not associated with
different structures/features.

• The average GCR-intensity depression profile due to the four groups of GCR effective
ICMEs (small, moderate, large, and very large) with successively increasing depressions
start at the arrival of ICME-related disturbance, with a relatively sharper decrease at first
up to a few hours, followed by a slower decrease until minimum intensity is reached.
Subsequently recovery starts, reaching the pre-decrease level in a much longer time (a
few days).

• It is found from the frequency distribution of plasma/field parameter (speed, magnetic-
field vector, and electric fields) that the distribution of these parameters, their peak values,
and the spread of frequency distribution shift successively towards the higher side from
the quiet, small, moderate, large, to very large group of GCR effective ICMEs.

• Based on the superposed-epoch analysis, we found that the GCR effectiveness of shock-
associated ICMEs, on average, is about 4 times larger than that of those not associated
with a shock/sheath region. Similar analyses also reveal that the ICMEs with bidirec-
tional superthermal electron (BDE) signatures are about 3.5 times more geo-effective
than ICMEs not associated with BDEs. Further, ICMEs with a magnetic-cloud structure
are about twice as GCR effective as ICMEs observed to have non-magnetic-cloud struc-
tures. The ICMEs due to halo-CMEs are found to be about 1.5 times more GCR-effective
than those due to non-halo CMEs. Enhancements in various plasma and field parameters
are also found to be larger due to ICMEs associated with shocks/BDEs/MCs/halo-CMEs
than those not associated with these structures/features.

• From statistical analysis of five groups of GCR-effective ICMEs (quiet, small, moder-
ate, large, and very large) associated/not associated with different structures/features, we
found that “large” and “very large” depressions together are much larger (37.3 %) due
to shock-associated ICMEs than those not associated with shocks (11.9 %). Similarly a
larger number of large and very large depressions in GCR intensity are associated with
ICMEs with BDE rather than to non-BDE ICMEs, magnetic clouds rather than to ICMEs
having another than the magnetic-cloud structure, and ICMEs due to halo ICMEs rather
than due to non-halo ICMEs.

• The central peak values, full width at half maximum, and their products obtained from
Gaussian fits to distributions of different parameters [Vmax, Fmax, and Emax] due to
shock, BDE, MC, and halo ICMEs are larger than those not associated with these struc-
tures/features.



A. Kumar, Badruddin

• From the best-fit linear relation between averaged GCR-intensity depressions [%] and
maximum values of magnetic [Fmax] and electric fields [Emax], we found that GCR inten-
sity decreases at the rate of ≈0.40 % per unit increase in vector magnetic field [nT] and
≈ 0.50 % per unit increase in electric field [mV m−1].

• An exponential fit to the recovery of GCR intensity reveals that the characteristic recov-
ery time is much larger for shock/BDE/MC/halo-CME-associated ICMEs than those not
associated with these structures/features.

• During recovery, the temporal variation of the GCR intensity is found to be better cor-
related with simultaneous variation in solar-wind speed than other parameters [e.g. F

and E].
• The speed of ICME-related disturbances appears to be influential in deciding the total

recovery time of the depressions.
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Appendix A

Table 7 Gaussian-fit parameters for the distribution of maximum solar-wind velocity [Vmax], central-peak
value of Vmax [xc], width [w], full width at half maximum [wc], and the product xcwc during the passage of
ICMEs of different GCR effectiveness.

Group Gaussian-fit parameters for Vmax

R2 xc w wc xcwc [104]

Small 0.99 439.53± 4.99 157.08± 10.59 184.95 8.13

Moderate 0.93 458.98± 14.96 161.39± 31.42 190.02 8.72

Large 0.97 532.83± 8.51 168.35± 19.20 198.22 10.56

Very large 0.89 670.41± 20.30 233.31± 56.43 274.70 18.42

Table 8 Gaussian-fit parameters for the distribution of maximum magnetic field [Fmax], central-peak value
of Fmax [xc], width [w], full width at half maximum [wc], and the product xcwc during the passage of ICMEs
of different GCR effectiveness.

Group Gaussian-fit parameters for Fmax

R2 xc w wc xcwc

Small 0.99 8.15 ± 0.0 4.87 ± 0.00004 5.73 46.70

Moderate 0.99 8.85 ± 0.55 4.81 ± 1.18 5.66 50.09

Large 0.98 10.18 ± 0.46 7.09 ± 2.12 8.35 85.00

Very large 0.98 10.08 ± 0.36 8.19 ± 0.99 9.64 97.17
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Table 9 Gaussian-fit parameters for the distribution of maximum electric field [Emax], central-peak value of
Emax [xc], width [w], full width at half maximum [wc], and the product xcwc during the passage of ICMEs
of different GCR effectiveness.

Group Gaussian-fit parameters for Emax

R2 xc w wc xcwc

Small 0.99 4.08 ± 0.06 2.96 ± 0.09 3.49 14.24

Moderate 0.97 4.53 ± 0.20 2.62 ± 0.47 3.08 13.95

Large 0.96 5.75 ± 0.23 4.81 ± 0.52 5.66 32.54

Very large 0.84 5.67 ± 0.40 3.50 ± 0.89 4.12 23.36

Appendix B

Figure 10 Frequency distribution of maximum speed, [Vmax, km s−1] observed during the passage of
ICMEs associated/not associated with (a) shocks, (b) BDEs, (c) magnetic clouds, and (d) halo CMEs. Gaus-
sian best-fit curves representing the distribution of ICMEs are also shown in the figure. The central-peak
values [xc] and full widths at half maximum [wc] obtained from the fits.
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Figure 11 Frequency distribution of maximum magnetic-field vector [Fmax, nT] observed during the pas-
sage of ICMEs associated/not associated with (a) shocks, (b) BDEs, (c) magnetic clouds, and (d) halo CMEs.
Gaussian best-fit curves representing the distribution of ICMEs are also shown in the figure. The central peak
values [xc] and full widths at half maximum [wc] obtained from the fits.
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Figure 12 Frequency distribution of maximum electric field, [Emax, mV m−1] observed during the passage
of ICMEs associated/not associated with (a) shocks, (b) BDEs, (c) magnetic clouds, and (d) halo CMEs.
Gaussian best-fit curves representing the distribution of ICMEs are also shown in the figure. The central-peak
values [xc] and full widths at half maximum [wc] obtained from the fits.

Appendix C

Table 10 Gaussian-fit parameters for the distribution of maximum solar-wind velocity [Vmax], central-peak
value of Vmax [xc], width [w], full width at half maximum [wc], and the product xcwc during the passage of
ICMEs with different structures/features.

ICME
Structure

Gaussian-fit parameters for Emax

R2 xc w wc xcwc [104]

Shock 0.90 526.00 ± 14.84 251.83 ± 33.31 296.51 15.60

No Shock 0.99 446.34 ± 3.72 187.22 ± 8.23 220.43 09.84

BDE 0.94 502.74 ± 12.13 261.00 ± 28.17 307.30 15.45

No BDE 0.98 460.25 ± 4.52 140.52 ± 7.67 165.45 07.61

MC 0.93 461.06 ± 14.18 250.12 ± 33.72 294.50 13.58

No MC 0.91 488.68 ± 13.42 230.35 ± 30.58 271.22 13.25

Halo 0.93 544.41 ± 12.05 240.86 ± 26.52 283.60 15.44

No Halo 0.97 517.66 ± 7.37 228.95 ± 16.29 269.57 13.95
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Table 11 Gaussian-fit parameters for the distribution of maximum magnetic field [Fmax], central-peak value
of Fmax [xc], width [w], full width at half maximum [wc], and the product xcwc during the passage of ICMEs
with different structures/features.

ICME
Structure

Gaussian-fit parameters for Fmax

R2 xc w wc xcwc

Shock 0.96 9.49 ± 0.42 6.85 ± 1.39 8.06 76.49

No Shock 0.99 7.32 ± 0.23 5.96 ± 0.34 7.02 51.40

BDE 0.97 8.92 ± 0.44 5.90 ± 1.10 6.95 61.99

No BDE 0.99 7.57 ± 0.18 6.21 ± 0.28 7.31 55.34

MC 0.98 11.09 ± 0.39 8.46 ± 0.98 9.96 110.46

No MC 0.99 7.57 ± 0.11 7.16 ± 0.19 8.43 63.82

Halo 0.95 10.43 ± 0.67 10.01 ± 1.72 11.78 122.86

No Halo 0.95 8.51 ± 0.59 6.24 ± 0.17 7.35 62.55

Table 12 Gaussian-fit parameters for the distribution of electric field [Emax], central-peak value of Emax
[xc], width [w], full width at half maximum [wc], and the product xcwc during the passage of ICMEs with
different structures/features.

ICME
Structure

Gaussian-fit parameters for Emax

R2 xc w wc xcwc

Shock 0.94 5.18 ± 0.26 4.07 ± 0.64 4.79 24.81

No Shock 0.99 3.87 ± 0.07 2.98 ± 0.09 3.51 13.58

BDE 0.93 4.70 ± 0.22 3.24 ± 0.66 3.81 17.91

No BDE 0.99 4.18 ± 0.05 2.84 ± 0.07 3.34 13.96

MC 0.92 5.35 ± 0.32 4.38 ± 0.73 5.16 27.61

No MC 0.98 4.27 ± 0.14 2.95 ± 0.24 5.03 21.48

Halo 0.91 5.25 ± 0.29 3.95 ± 0.75 6.18 32.44

No Halo 0.96 4.70 ± 0.18 3.65 ± 0.46 5.53 25.99
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Appendix D

Figure 13 Exponential fit and characteristic recovery time [τ , hours] during recovery of GCR-intensity
depressions due to ICMEs of different GCR-effectiveness.

Figure 14 Exponential fit and characteristic recovery time [τ , hours] during recovery of GCR-intensity
depressions due to ICMEs associated/not associated with shocks and bidirectional superthermal electron
events (BDEs).
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Figure 15 Exponential fit and characteristic recovery time [τ , hours] during recovery of GCR-intensity
depressions due to ICMEs associated/not associated with magnetic cloud (MC) and halo CMEs.
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