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Interplanetary transients: ICMEs vs CIRs
(Zurbuchen & Richardson, 2006)

(Kilpua+2017)

Belcher & Davies (1971);
Richardson (2018)ICMEs:

-sporadic

-source: eruptive

-shock/sheath+ejecta

-ejecta closed(?)

-no mag. connection
between

sheath and ejecta

(overview by Kilpua, 2017)

CIRs:

-recurring

-source: coronal hole

-slow wind+compression+HSS

-stream interface (SI) within
compression region

-subregions are
mag. connected

(overview by Richardson, 2018)
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Regarding the two-step FDs caused by ICMEs, the reduced-
diffusion model is thought to be appropriate for the shock-sheath
region, whereas the exclusion of CRs because of the ejection
itself is suspected to be caused by their closed magnetic field
structure (Wibberenz et al. 1998). Two-step FDs are in the focus
of several recent studies, especially those that are associated with
magnetic clouds (e.g. Yu et al. 2010). They are not only the most
prominent events, showing highest depression amplitudes (Cane
2000), they are also found to be useful in unrevealing the internal
structure and geometry of ICMEs (e.g. Kuwabara et al. 2009;
Richardson & Cane 2011).

From the observational point of view, the influence of ICMEs
and CIRs on CR modulation was previously investigated through
a number of studies employing the superposed epoch analysis
(e.g. Iucci et al. 1979; Badruddin et al. 1986; Badruddin 1996;
Singh & Badruddin 2007), statistical analysis (e.g. Cane et al.
1996; Richardson et al. 1996; Belov et al. 2001; Čalogović et al.
2009; Chilingarian & Bostanjyan 2010) and case-studies (e.g.
Jämsén et al. 2007). The results were frequently mutually con-
flicting, and consequently did not provide a clear empirical bac-
ground. The correlation between the depression amplitude and
some CIR parameters was found by Richardson et al. (1996)
and Čalogović et al. (2009). Richardson et al. (1996) pointed
out that the SWD speed might be the most important parameter,
favoring a diffusion-convection model for this behavior. On the
other hand, Čalogović et al. (2009) found a statistically signifi-
cant correlation between the depression amplitude and the SWD
magnetic field strength, which is more in favor of the diffusion-
drift model proposed by Kota & Jokipii (1991). Similar incon-
sistencies were found in studies of ICMEs. For example, Cane
et al. (1996) declared speed as a poor predictor of depression
amplitude, whereas Chilingarian & Bostanjyan (2010) found a
strong correlation between the two. Another aspect of CR mod-
ulation, the time profile, was found to be related to the speed for
both CIRs (Iucci et al. 1979) and ICMEs (Badruddin et al. 1986;
Penna & Quillen 2005), but some questions still remain open
(see, e.g. Lockwood et al. 1986; Jämsén et al. 2007).

In our previous study (Dumbović et al. 2011, hereafter
Paper I) we examined the relationship between various SWD pa-
rameters and FD characteristics without distinguishing different
types of SWDs. In this paper the sample of events used in Paper I
is divided into subsamples according to SWD types, and the re-
sults are compared with those obtained in Paper I for the whole
population, i.e. SWDs in general. We also consider in more de-
tail the “branching effect” noticed in Paper I as well as the role
of geomagnetic effects and the phenomenon of over-recovery
(i.e., the return of the CR count to values above the pre-decrease
level).

2. Data and method

A total of 26 periods between 1998 and 2005, each covering
intervals of 20 days, were selected using the list of identified
CME-ICME pairs prepared by Schwenn et al. (2005) and the
case-study list of the European FP7-project SOTERIA (http://
soteria-space.eu/). To eliminate the daily variations, an av-
erage cosmic ray count rate (CR count) of three to four neutron
monitor (NM) stations of similar rigidity located at different lon-
gitudes (see Appendix A of Paper I) was calculated, using hourly
averaged data corrected for atmospheric pressure. The NM
recordings were taken from the Space Physics Interactive Data
Resource (SPIDR; http://spidr.ngdc.noaa.gov/spidr/).
We used in-situ solar wind data from the Advanced Composition
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Fig. 1. ICME that arrived on 24/25 September 1998 (DOY = 268/269).
The simultaneous step-increase in all the parameters is a signature of the
ICME-driven shock, whereas the consecutive low-temperature region is
specific for the ejection itself (e.g., Cane 2000). The CR count returns
to the pre-decrease value, i.e., there is no over-recovery.

Explorer (ACE; Stone et al. 1998) database for SWD parame-
ters. In particular, Level-2 data from the Solar Wind Electron,
Proton, and Alpha Monitor (SWEPAM; McComas et al. 1998)
and the magnetometer instrument (MAG; Smith et al. 1998)
were analyzed. The SWDs were identified as increases in so-
lar wind speed and interplanetary magnetic field (IMF) strength
and fluctuations, and were associated with a decrease in the CR
count (Forbush decrease, FD). The characteristics of the iden-
tified SWDs and the corresponding FDs were then measured as
described in Fig. 1 of Paper I. A list of events, a detailed descrip-
tion of data handling and the measurement procedure as well as
the list of measured parameters are given in Paper I.

The measured quantities involve the amplitude of magnetic
field enhancement (B), amplitude of the magnetic field fluctua-
tions (δB), relative increase in solar wind speed (vrel), maximum
solar wind speed associated with the disturbance (vmax), duration
of the disturbance (measured as the duration of the enhancement
in the magnetic field strength, tB), amplitude of the CR depres-
sion (hereafter, |FD|) and the duration of the depression (tFD)
(see Fig. 1 in Paper I). Using these quantities, several combined
parameters were employed as proxies of physical quantities (for
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ICMEs vs CIRs: GCR signatures
M. Dumbović et al.: Cosmic ray modulation by different types of solar wind disturbances
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Fig. 2. CIR that occurred on 5 February 2000 (DOY = 36). The den-
sity and magnetic field peak at the forehead of the high-speed stream,
whereas the increase in speed and temperature coincides with the de-
crease of density. The CR count in the recovery phase does not exceed
the pre-decrease value, i.e., there is no over-recovery.

details see Paper I): BtB as the proxy for the time integral of the
IMF perturbation (measure of the “strength” of the disturbance),
the Bv product as the proxy for maximum (convective) electric
field (can also be regarded as the unit-width magnetic flux that
passes over the observer in unit time), BvtB as the proxy for the
magnetic flux (per unit-width of the disturbance cross-section),
and |FD|tFD as a measure of the total amount of CRs reduced by
the passage of the disturbance.

First, the data set was sorted by the type of SWD, i.e., a dis-
tinction was made between interplanetary coronal mass ejections
(ICME), corotating interaction regions (CIR), and mixed ICME-
CIR disturbances (mixed). The distinction between ICMEs and
CIRs was made following Burlaga et al. (1984), Richardson
et al. (1996), Cane (2000) and Richardson (2004), whereas the
events that showed characteristics of both were denoted as mixed
events. Examples of ICME-, CIR-, and mixed-events are pre-
sented in Figs. 1–3, respectively.

In the next step, the events were separated from those with
and without a shock. The disturbances that propagate with su-
personic speed produce a magnetohydrodynamic shock at their
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Fig. 3. ICME followed by CIR. The ICME-driven shock arrived on
06 April 2000 (DOY = 97). About two days later a new increase in
speed and temperature occurred, associated with the decrease of den-
sity, which is a signature of CIR. The CR count in the recovery phase
of the FD exceeds the pre-decrease level, i.e., an over-recovery is ob-
served.

front, where the shock-sheath region is characterized by high
density, temperature and magnetic field, and by the enhanced
level of the magnetic field fluctuations (see, e.g. Burlaga et al.
1984; Cane 2000). Differences between the shock-associated
and no-shock events were studied by Badruddin et al. (1986) and
Badruddin (1996). However, they applied only the superposed
epoch analysis, lacking quantitative statistical results. Figures 1
and 3 illustrate events associated with a shock. In both cases
the discontinuities are associated with a two-step fall of CR
count, which is typical for shock-related disturbances (see, e.g.,
Wibberenz et al. 1998; Cane 2000). The discontinuity is absent
in Fig. 2, which illustrates a typical no-shock event.

Finally, the events were divided into those showing the
over-recovery and those without it. The phenomenon of over-
recovery, i.e., the situation where the CR count in the recovery
phase exceeds the pre-decrease value, was noticed by Jämsén
et al. (2007) in high-energy data measured by a muon detec-
tor. Though here we inspect only the low-energy NM data,

A28, page 3 of 13

Dumbovic+2012
(see also e.g. Badruddin & Kumar, 2016, Melkumyan+2018)

Forbush
decreases:

-asymmetric

-often 2step profile

-1st onset shock/sheath

-2nd onset ejecta

-ejecta part symmetric

-prolonged recovery
after ejecta

(overview by Cane, 2000)

Recurrent
(Forbush)
decreases

-onset around SI

-symmetric

-1step profile

-recovery throughout HSS

(overview by Richardson, 2004)
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4 Solar Modulation Theory

The paradigm of CR transport in the heliosphere has developed soundly over the last ⇠ 50 years.
The basic processes are considered to be known. However, it is still quite demanding to relate
the modulation of galactic CRs and of the ACRs to their true causes and to connect these causes
over a period of a solar cycle or more, from both a global and microphysics level. The latter
tends to be of a fundamental nature, attempting to understand the physics from first principles
(ab initio) whereas global descriptions generally tend to be phenomenological, mostly driven by
observations and/or the application of new numerical methods and models. In this context, global
numerical models with relevant transport parameters are essential to make progress. Obviously,
major attempts are made to have these models based on good assumptions, which then have to
agree with all major heliospheric observations.

Understanding the basics of solar modulation of CRs followed only in the 1950s when Parker
(1965) formulated a constructive transport theory. At that stage NMs already played a major role
in observing solar activity related phenomena in CRs. Although Parker’s equation contained an
anti-symmetric term in the embedded tensor accounting for regular gyrating particle motion, it
was only until the development of numerical models in the mid-1970s (Fisk, 1971, 1976, 1979) that
progress in appreciation the full meaning of transport theory advanced significantly.

4.1 Basic transport equation and theory

A basic transport equation (TPE) was derived by Parker (1965). Gleeson and Axford (1967) came
to the same equation more rigorously. They also derived an approximate solution to this TPE, the
so called force-field solution, which had been widely used and was surpassed only when numerical
models became available (Gleeson and Axford, 1968). For a formal overview of these theoretical
aspects and developments, see Schlickeiser (2002). See also Quenby (1984), Fisk (1999), and Moraal
(2011) for overviews of the TPEs relevant to CR modulation. The basic TPE follows from the
equations of motion of charged particles in fluctuating magnetic fields (on both large and small
scales) and averages over the pitch and phase angles of propagation particles. It is based on the
reasonable assumption that CRs are approximately isotropic. This equation is remarkably general
and is widely used to model CR transport in the heliosphere. The heliospheric TPE according to
Parker (1965), but in a rewritten form, is

@f

@t|{z}
a

= �( V|{z}
b

+ hvdi|{z}
c

) ·rf +r · (Ks ·rf)| {z }
d

+
1

3
(r ·V)

@f

@ lnP| {z }
e

, (5)

where f(r, P, t) is the CR distribution function, P is rigidity, t is time, r is the position in 3D,
with the usual three coordinates r, ✓, and � specified in a heliocentric spherical coordinate system
where the equatorial plane is at a polar angle of ✓ = 90°. A steady-state solution has @f/@t = 0
(part a), which means that all short-term modulation e↵ects (such as periods shorter than one solar
rotation) are neglected, which is a reasonable assumption for solar minimum conditions. Terms
on the right hand side respectively represent convection (part b), with V the solar wind velocity;
averaged particle drift velocity hvdi caused by gradients and curvatures in the global HMF (part c);
di↵usion (part d), with Ks the symmetrical di↵usion tensor and then the term describing adiabatic
energy changes (part e). It is one of the four major modulation processes and is crucially important
for galactic CR modulation in the inner heliosphere. If (r · V) > 0, adiabatic energy losses are
described, which become quite large in the inner heliosphere (see the comprehensive review by
Fisk, 1979). If (r · V) < 0, energy gains are described, which may be the case for ACRs in the
heliosheath (illustrated, e.g., by Langner et al., 2006b; Strauss et al., 2010b). If (r · V) = 0, no
adiabatic energy changes occur for CRs, perhaps the case beyond the TS. This is probably an
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PARKERS TRANSPORT EQUATION
Parker, 1965

GCR
phase-space 
distribution 

function
f(P,t,r)

PARTICLE DRIFTS & DIFFUSION
gradient and curvature drifts
irregularities causing random walk, i.e. diffusion

18 

Sunčevo magnetsko polje je približno dipolno, sa silnicama koje izlaze iz jedne, a 
ulaze u drugu hemisferu. Kako su silnice magnetskog polja zamrznute u plazmi, 
Sunčev vjetar ih nosi sa sobom kroz međuplanetarni prostor u radijalnom smjeru.  
Zbog Sunčeve rotacije polje se širi spiralno od Sunca, pa silnice osim radijalne imaju 
i azimutalnu komponentu. Na slici 11 nalaze se prikazi Sunca sa silnicama. 
 

  
 

Slika 11 Silnice Sunčevog magnetskog polja 
lijevo – presjek po ravnini dipolne osi; desno – presjek po ekvatorskoj ravnini; 

Silnice su označene plavim crtama, a crvenim strelicama gibanje Sunčevog vjetra 
 
Dakle, zbog zamrznutosti polja u plazmi dolazi do distorzije dipolnog magnetskog 
polja u radijalnom i azimutalnom smjeru. Što su silnice dalje od Sunca, taj efekt je 
jače izražen i IMF sve više liči toroidalnom polju. Kako su silnice savijene javlja se 
jedan sloj gdje su, sa njegovih različitih strana, silnice različito orijentirane, odnosno u 
kojem se mijenja polaritet polja. Ovo se može uočiti na presjeku po ravnini dipolne 
osi na slici 11 (lijeva slika). Taj sloj se proteže kroz međuplanetarni prostor i naziva 
se heliosferna strujna ploha (eng. „Heliospheric Current Sheet“, HCS). HCS nije 
ravna, kako bi se dalo zaključiti iz presjeka po ravnini dipolne osi, jer se na takvom 

prikazu ne vidi azimutalna 
zakrivljenost silnica s obzirom na os 
rotacije, koja se ne podudara sa 
dipolnom osi. Ona je valovite 
prirode, zbog izmjena područja 
suprotno usmjerenih silnica, što se 
može uočiti na presjeku po 
ekvatorskoj ravnini (desna slika). 
Presjek po ekvatorskoj ravnini 
otkriva spiralnu strukturu, koja se 
naziva Parkerova spirala. 
Trodimenzionalni prikaz HCS i 
Parkerove spirale dan je na slici 12. 

 
Slika 12 HCS i Parkerova spirala 

(www.nasa.gov)  

SMALL SCALE IRREGULARITIES
causing DIFFUSION

NON-UNIFORM FIELD
causing PARTICLE DRIFTSSOLAR WIND CONVECTION

collective movement with solar wind

ADIABATIC ENERGY LOSS
Momentum loss due to expansion of HMF

Modelling GCRs in the heliosfere

CMEs
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Each region modelled 
differently:

Shock/sheath: stationary 
convection-diffusion eq.
(PDB, Wibberenz+1998)

Ejecta: time-dependent 
diffusion-expansion eq. 
(ForbMod, Dumbovic+2018)

Recovery: empirical 
exponential recovery eq. 
(Lockwood+1986)

Dumbovic+2020

Modelling ICME-related GCRs
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ForbMod best-fit function

! SOHO/EPHIN hourly measurements 

ForbMod best-fit function

Means to measure FD amplitude for ejecta-related FDs
Dumbovic+(In prep)
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ForbMod best-fit function
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Figure 6: Synthetic data and the best-fit results for several selected examples. Di↵erent rows correspond to di↵erent com-

binations of data imperfection e↵ects: 1) top: Y-noise=30%, X-noise=30%, asym=0.15%, gap position=3, gap size=30%,

data resolution=20pts; 2) middle: Y-noise=20%, X-noise=20%, asym=0.10%, gap position=2, gap size=20%, data resolu-

tion=20pts; 3) bottom: Y-noise=5%, X-noise=5%, asym=0.05%, gap position=2, gap size=10%, data resolution=20pts. The

right-most plot in each row shows the scatter of di↵erent dA/A and MSE values obtained through 1000 runs with the same

data imperfection e↵ect levels, with the best-fit result marked in the color corresponding to the synthetic data shown in the

left plots of the same row. The left plots of each row show synthetic data (green, yellow, red), data points corresponding to

the original theoretical curve (blue), and the best-fit function (black).

2
1

Synthetic data:
= theoretical ForbMod curve + noise

small MSE and close to ID line
large MSE (close/away from ID line)
away from ID line (small/large MSE)

Analysis of amplitude difference 
between theoretical and best-fitted 

curve:

MSE<0.01
-->   FD amplitude error <10%

Dumbovic+(In prep)
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ForbMod best-fit function
! SOHO/EPHIN hourly measurements 

ForbMod best-fit function

Dumbovic+(In prep)
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• GCRs can be used as signatures of interplanetary transients

• Classical 2-step Forbush decrease can be modelled using three different models

• ejecta-related FD can be modelled by ForbMod, a time-dependent diffusion-expansion 
model for flux-rope FDs

• Best-fit function using ForbMod solution has been established, which can fit ejecta-related 
FD profiles easy and well

Take away messages:

Thank you for your attention!


