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Abstract Results of statistical study on relations between
Forbush decreases (FDs) as observed at a middle-latitude,
high mountain cosmic ray (CR) neutron monitor (NM), and
the geomagnetic storms (GS), as well as on connections
of FDs to interplanetary plasma structures, are presented.
Study confirms and extends (until 2014) earlier results based
on NM data from different geomagnetic cut-off positions
and covering earlier periods, namely that FDs associated
with halo coronal mass ejections (CMEs) and those related
with the shocks correspond to higher amplitudes of FDs than
those without the mentioned features.

Keywords Forbush decrease · Geomagnetic storm ·
Coronal mass ejection · Interplanetary coronal mass
ejection · Solar wind · Interplanetary magnetic field ·
Interplanetary shock · Magnetic cloud · Bidirectional
suprathermal electron streaming

1 Introduction

For study of galactic cosmic ray (GCR) flux modulation (re-
viewed e.g. by Venkatesan and Badruddin 1990) NMs are
frequently used. Rapid decreases followed by more grad-
ual recovery in GCR flux named as FDs (Forbush 1937) are
usually related to interplanetary (IP) coronal mass ejection
(ICME) passing the Earth’s orbit. Often, but not always, FDs
are accompanied by GS. Rather complicated relationship
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between FD and GS is reported e.g. by Kudela and Brenkus
(2004), Kane (2010). GS can be classified using the Dst in-
dex (e.g. Sugiura 1964; Rockenbach et al. 2011).

CME is a giant eruption of plasma and magnetic field
from the Sun with mass > 1013 kg and speed of several
thousand km/s (more e.g. in Howard 2014). Cane (2000)
summarized the CME effects on particles and discussed the
mechanisms behind. Study of CME evolution (observed by
LASCO) during the cycle 23 and relation to GCR (observed
by Climax NM until 2006) can be found e.g. in Lara et al.
(2005). Arunbabu et al. (2013) report that primary contribu-
tors to FDs at high rigidities are the Earth-directed CMEs.

Halo CMEs are those completely encircling the Sun. Par-
tial halo CMEs have width between 120◦ and 360◦ (Gopal-
swamy 2009). Halo CMEs play important role in producing
large FDs. Verma et al. (2009) using Oulu NM data report
that halo CMEs associated with X-ray solar flares and re-
lated to IP shocks are responsible for large FDs and GSs.
ICMEs are IP counterparts of the CMEs. Their common sig-
natures are described e.g. by Richardson et al. (2006). Con-
nections between FD magnitude and CME, ICME, as well
as with solar wind (SW) parameters are discussed for 1996–
2011 by Belov et al. (2014). Mustajab and Badruddin (2013)
and Kumar and Badruddin (2014) studied the relative geoef-
fectiveness of various IP structures and features associated
with ICMEs and GCR modulation. Shrivastava et al. (2011)
found that 63 % of solar flares associated with halo CMEs
and FDs occur in the western hemisphere. Occurrence of
FDs during the passage of > 300 ICMEs in the period 1995–
2009 was found in 80 % cases (Richardson and Cane 2011).

When ICME has a speed overwhelming that of the sound
of IP medium where ICME moves, a fast shock wave forms
ahead of ICME. A turbulent sheath region created between
shock and ICME can also cause intense GS. IP shocks arise
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Fig. 1 Histograms of all FD amplitudes (left panel) and of FD amplitudes for events when information about associated IP structures (ICME,
halo/non halo CME, shock, MC, BDE) are available

from a variety of sources (e.g. Borrini et al. 1982) and have
a significant impact on geomagnetic activity (Mays et al.
2007). Characteristics of IP shocks have been studied e.g.
in Gopalswamy et al. (2010), Howard and Tappin (2005).
Numerical simulation shows that ICMEs and shocks fol-
low different evolutions in IP medium (González-Esparza
et al. 2003). The magnetic structure inside an ICME cloud
is quite variable. Highly structured helical magnetic field
observed within ICMEs, a magnetic cloud (MC) defined in
Burlaga et al. (1981), is large configuration observed in IP
space with signatures as enhanced interplanetary magnetic
field (IMF) strength, smoothly rotating magnetic field vec-
tor and low plasma temperature (Osherovich and Burlaga
1997; Burlaga et al. 1990). The MCs—a special type of
CME (Kilpua et al. 2013; Richardson and Cane 2004) play
an important role in producing GS with impacts on the Earth
(Wu et al. 2013; Farrugia et al. 2013). Cane et al. (1997) an-
alyzing > 60 MeV particles on Helios 1, 2 reported no clear
evidence that particle behavior depends on whether or not an
ejecta is associated with MC. Recently Belov et al. (2015)
indicated dependence of MC effect in CR density (FDs) on
the size of MC.

Bidirectional electron streamings (BDE) are events with
suprathermal electrons streaming parallel/anti-parallel to
IMF. BDEs are interpreted as formation of closed loops of
IMF within CME returning to the solar corona along both
directions with origin in footpoints of ICME still anchored
back to the Sun (Xie et al. 2000; Sergeev et al. 2001).

Here the results of statistical study on relationships be-
tween FDs amplitude, and interplanetary/geomagnetic char-
acteristics using data from catalogue of CMEs, ICMEs, Dst
list, OMNIWEB NASA site and ACE data, are presented.
In several statistical studies of similar type there have been

used data covering intervals until 2006 (e.g. Blanco et al.
2013; Shrivastava et al. 2011) or until 2010 (Belov et al.
2015). FDs have different energy spectra and different am-
plitude of decreases are observed at different cut-off posi-
tions (e.g. Ahluwalia et al. 2014; Grigoryev et al. 2014).
We use only large FDs observed at a high elevation mid-
dle cut-off rigidity NM, Lomnicky stit (LS, Rc = 3.84 GV,
h = 2634 m asl) and cover the interval 1996–2014. After
short checking the relations of FDs to GSs during 1982–
2014, we present FDs amplitude in dependence on angu-
lar size of CMEs, on the occurrence of shocks, on accelera-
tion/deceleration of CMEs and on velocity of motion of the
structures in IP medium.

2 Data

Starting point was FD catalogue—a list of 90 FDs from
NM at LS for period 1982–2014, added by information
about associated GSs (from WDC for Geomagnetism in Ky-
oto (http://wdc.kugi.kyoto-u.ac.jp/dstdir/), solar wind speed
(VSW) and IMF. Out of 90 FDs with the amplitude > 3 %
we selected 48 events for the studied period when infor-
mation about ICME is available. Distributions of FD am-
plitudes used in further study is in Fig. 1.

Along with IMF and SW data from (http://omniweb.
gsfc.nasa.gov) we used: data of CME from LASCO
CME list (http://cdaw.gsfc.nasa.gov/CME_list/); data of
Near-Earth ICME from ACE list (Richardson and Cane
2007) (http://www.srl.caltech.edu/ACE/ASC/DATA/level3/
icmetable2.htm). List contains information about time of
disturbance typically related to the arrival of a shock
or ICME leading edge at Earth, characteristics of ICME

http://wdc.kugi.kyoto-u.ac.jp/dstdir/
http://omniweb.gsfc.nasa.gov
http://omniweb.gsfc.nasa.gov
http://cdaw.gsfc.nasa.gov/CME_list/
http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
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Fig. 2 Examples of different relations between CR decreases and geomagnetic activity: left panel for (11.4.-21.4.2013) and right panel for
(6.3.-21.3.2012)

Table 1 Distribution of GSs for
different FD amplitude
threshold. Classification of
storms is done according to
Rockenbach et al. (2011)

3 ≤ FD < 5 5 ≤ FD < 7 7 ≤ FD < 9 9 ≤ FD < 11 11 ≤ FD

Events 45 27 9 5 4

Super storms 0.0 % (0) 3.7 % (1) 22.2 % (2) 40.0 % (2) 25.0 % (1)

Intense storms 13.3 % (6) 40.8 % (11) 55.6 % (5) 20.0 % (1) 50.0 % (2)

Moderate storms 40.0 % (18) 33.3 % (9) 11.1 % (1) 40.0 % (2) 25.0 % (1)

No storms 46.7 % (21) 22.2 % (6) 11.1 % (1) 0.0 % (0) 0.0 % (0)

cloud, and CME associated with ICME. Latter informa-
tion helped us to assign the associated CME from LASCO
CME list. ICME list was supplemented by information
about interplanetary shocks from (www.ssg.sr.unh.edu/mag/
ace/ACElists/obs_list.html) and (http://umtof.umd.edu/pm/
FIGS.HTML). Thus the catalogues allowed us to split the
events according to halo CMEs, shocks, MCs, BDEs and to
provide statistical studies on various selections.

3 Forbush decreases and geomagnetic storms

Figure 2 illustrates the complexity of relations between
FDs and GSs. Both events are related to the halo CMEs.
Hourly averages from SWEPAM and the MAG on board
ACE spacecraft (SW and IMF data), Kyoto Dst data, and
CR intensity data from three European NMs with different
geomagnetic cut-off rigidity (Oulu, Moscow and Lomnicky
stit), normalized for the first day, are used.

While CR decrease in left panel is not associated with
clear Dst depression, in right panel it is. Bz of IMF is posi-
tive on the left panel, while on the right panel Bz is strongly
negative. Halo CME on the left panel resulting from a M6.5
X-ray flare at 6:55 UT (DOY 101) located at N09E12 with

speed of 985.8 km/s, acceleration −27.13 m/s2 and travel
time 63.5 hours. Halo CME on the right panel resulted from
X5.4 X-ray flare at 0:02 UT (DOY 67) located at N17E27,
with speed of 2568.5 km/s, acceleration 47.43 m/s2 and
travel time 35 hours. The arrival time of CME is accompa-
nied by a sharp increase in density and speed of SW (right
event in long lasting recovery phase shows two more Dst de-
pressions corresponding to SW speed and density increases
and CR decreases).

We examined relations between FDs (as observed at
NM LS), Dst depressions and interplanetary parameters for
the period 1982–2014. Table 1 shows the distribution of GSs
accompanying the FDs above a given threshold. Stronger
FDs seem to be associated with stronger GSs. However the
linear correlation coefficient between FD amplitude and Dst
is only r = −0.52 (scatter plot is not shown here). Figure 3
presents comparison of relations between the FD amplitude
as well as between the corresponding Dst min, and the val-
ues Vsw, IMF magnitude and its Bz component.

While the correlation coefficients of FD amplitude as
well as of Dst min versus solar wind speed are comparable
(upper panel), the binding of FD and of Dst min to the IMF
as well as to its north-south component is different (mid-
dle and low panel): significantly higher is the correlation be-
tween Dst min and IMF magnitude and its Bz component,

http://www.ssg.sr.unh.edu/mag/ace/ACElists/obs_list.html
http://www.ssg.sr.unh.edu/mag/ace/ACElists/obs_list.html
http://umtof.umd.edu/pm/FIGS.HTML
http://umtof.umd.edu/pm/FIGS.HTML
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Fig. 3 Scatter plots of amplitude of FDs (left panels) and Dst min (right panels) vs. SW max speed, IMF and Bz min component of IMF

than the correlations between FD amplitude and these pa-
rameters. It confirms previous results about geoefficiency of
CMEs (e.g. Badruddin and Kumar 2015) with the extension
until year 2014.

One of possible physical quantities responsible for the
production of stronger FDs is high speed of CME. Corre-
lation coefficient between FD amplitude and CME speed is
r = 0.63. CMEs with higher speeds can produce stronger
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Table 2 Averaged amplitude of various parameters corresponding
to different ranges of FD amplitude: Vcme—CME speed (km/s),
a—acceleration of CME (m/s2), Vicme—ICME speed (km/s), Bicme—

IMF strength in the ICME (nT), Vtrans—mean transit speed of ICME
at 1 AU (km/s), Bimf—IMF (nT), Vsw—SW speed (km/s)

FD (%) Parameters

Vcme a Vicme Bicme Vtrans Dst Bimf Vsw

3 ≤ FD < 6 912.07 −2.11 513.10 12.45 732.00 −88.90 23.45 599.41

6 ≤ FD < 9 1268.36 −5.74 631.82 14.82 1016.90 −166.36 34.76 805.45

9 ≤ FD 1795.50 −25.68 796.25 15.25 1321.25 −193.88 34.05 906.17

Fig. 4 Left: distribution of FD amplitude for ICMEs associated with halo CMEs and with shocks. Right: scatter plots of FD amplitude vs. Dst for
Halo and Non Halo events

FDs, slower CMEs (speeds ∼ 500 km/s) do not lead to a sig-
nificant decrease in CR flux. ICME speed profile is highly
dependent on the initial speed of the CME (Gopalswamy
et al. 2000), but the changes of ICME speed during propa-
gation in IP space are not under the control of initial speed of
CME. The transition ICME speed (average speed of ICME
when they arrive to the Earth) and the CME speed for the
events selected here has correlation coefficient r = 0.69—
consistent with the result of Belov et al. (2014).

4 FDs and interplanetary plasma structures

For 48 FDs (distribution Fig. 1, right) when the parame-
ters of IP structures (CME, shocks) are adjusted, Table 2
presents the average values for different FD amplitude
ranges. For each event the extremal value of IP parameters
is found and averaged in the corresponding FD bin.

Tendency of increase in velocities of plasma structures,
namely Vcme, Vtrans and Vsw with FDs amplitude is apparent.

Distribution of amplitudes of 48 FD events during 1996–
2014 when accompanying CME and shock/no shock event
was adjusted, is plotted in Fig. 4.

It is apparent that the width of CMEs and the occur-
rence of shock play the key role in producing stronger FDs.
Stronger FDs are observed in association with halo CMEs. It
is consistent with (Shrivastava et al. 2011—analysis of Oulu
data for period 2001–2006). Figure 5 presents the relations
of FD amplitude to selected parameters of the CME/ICME
propagating from the solar surface.

Based on large amount of FDs for the period before 2011
Belov et al. (2014) found difference in the distribution of
angular size of CMEs for events with FD and without FD
by analyzing the non-recurrent FDs. Here the selection of
events is coming out from FDs > 3 %. Left upper panel
of Fig. 5 is consistent with that result, although statistics is
lower.

The amplitude of FD as observed at Oulu NM for the
events before 2006 was found to be organized according to
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Fig. 5 Scatter plots of FD amplitudes vs. CME width, ICME transit speed and acceleration/deceleration of CMEs

ICME speed (Blanco et al. 2013). Such tendency is here con-
firmed for longer time period and at higher geomagnetic cut-
off position of NM (Fig. 5, upper right).

Fast ICMEs are decelerated and slow ICMEs are acceler-
ated due to their interaction with the SW (Jones et al. 2007).
Higher correlation coefficient (negative) is seen between FD
amplitudes and deceleration of CMEs than between FD am-
plitudes and CME acceleration (Fig. 5, lower panels). It
confirms the results by Blanco et al. (2013) at lower ge-
omagnetic cut-off rigidity NM. Deceleration of CME can
play more important role in producing higher FD amplitudes
than acceleration of CMEs. This can be explained by inter-
action between the ICME and SW, where the effective en-
ergy between ICME and SW is exchanged. It was shown
that the significant momentum changes between these inter-
acting structures can cause the deceleration of ICME and
the forces responsible for the deceleration are aerodynamic

drag, gravitation of the Sun and the tension of magnetic field
(Shen et al. 2012).

To understand the influence of structures as BDEs and
MCs are, in producing the FDs, the events were splitted
into various combinations with shocks and with the angu-
lar width of ICMEs. Table 3 presents averaged values of FD
amplitude as well as of corresponding values of Dst min,
IMF magnitude and solar wind speed for various combina-
tions of IP structures.

Although the statistics is not high, the tendencies in FD
magn as well as in Dst min, Vsw max and Bimf max is seen
from that table: (i) occurrence of shock and wide ICME
(halo) in combination with MC provides the highest aver-
aged FD amplitude; the same is valid for |Dst min|, Vsw and
Bimf; (ii) narrow ICMEs or absence of the shock is accom-
panied by smaller FD and |Dst min| than the events with
the halo ICME accompanied by the shock; (iii) the smallest
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Table 3 Averaged values of
maxima (for Dst minima) in
various parameters associated
with different IP structures.
Numbers of events are in the
brackets

ICME FD magn Dst min VSW max Bimf max

Halo (40/48) 6.79 −131.48 713.58 29.03

Non Halo (8/48) 4.18 −87.50 570.50 21.74

Shock (43/48) 6.32 −132.35 702.29 29.16

No Shock (5/48) 4.58 −53.60 577.20 16.20

BDE (45/48) 6.50 −128.58 703.74 28.67

BDE and Shock (40/45) 6.48 −137.95 720.39 30.23

BDE and Halo (39/45) 6.82 −131.95 718.22 29.27

BDE and Shock and Halo (36/45) 6.68 −138.31 722.82 30.43

MC (25/48) 6.40 −147.08 689.17 28.52

MC and Shock (22/25) 6.69 −160.50 717.62 30.21

MC and Halo (20/25) 6.87 −156.70 720.32 30.27

MC and Shock and Halo (18/25) 7.13 −169.28 746.88 32.04

Halo or Shock (46/48) 6.47 −127.35 699.82 28.26

Halo and Shock (37/48) 6.64 −137.62 717.66 30.13

Non Halo and No Shock (2/48) 3.65 −50.50 444.00 17.40

Non Halo or No Shock (11/48) 5.36 −78.82 596.55 20.01

BDE and Non Halo and No Shock (2/45) 3.65 −50.50 444.00 17.40

MC and Non Halo and No Shock (1/25) 3.80 −59.00 481.00 19.70

FDs occur for the events with narrow ICME unaccompanied
by the shock (2 events, also the smallest |Dst min|, Vsw and
Bimf); (iv) BDE events as well as MC events themselves
either without halo ICME or without shock correspond to
small FD amplitude (low statistics). However, it has to be
mentioned here, that the table provides just rough character-
istics, since we do not distinguish the two-step FDs (asso-
ciated with ejecta and with the shock, respectively) and we
take such events as a single one.

5 Summary

Results of statistical study of FDs (> 3 %) observed at a
middle-latitude neutron monitor during 1982–2014, confirm
those reported in earlier studies based on different geomag-
netic positions of NMs and extend them for part of the solar
cycle 24. They indicate that:

- FDs, although not always accompanied by GSs, tend to
correlate its amplitude with the Dst min value (e.g. no
FD < 5 % is accompanied by geomagnetic super storm;
each FD > 9 % is accompanied by at least moderate GS).
Contrary to FD, the strength of GS is controlled by Bz

and by IMF magnitude.
- The amplitude of FD events associated by CMEs is in-

creasing with the speed of motion of IP structures and
with the magnitude of magnetic field inside the CME.

- Most important parameters of CMEs/ICMEs controlling
the depth of FDs are (i) the angular size of CME and
(ii) presence of the shock. Narrow ICMEs and absence of
the shocks significantly decrease FD amplitude. Although

MC in coincidence with halo CME and with the shock in-
dicate high value of FD amplitude, MC themselves prob-
ably do not produce strong FD (low statistics). The same
is valid for BDE events.

- Deceleration of CME seems to be a better producer of
stronger FDs than the acceleration of CMEs.

Further progress in understanding the efficiency of IP ir-
regular plasma structures emitted from the Sun on the de-
creases of CR as measured on Earth’s surface, requires more
extensive study using data from all CMEs and data from var-
ious NMs and muon telescopes. One such work in that di-
rection is under preparation.
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